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1  EXECUTIVE  SUMMARY 


The  Navy  is  planning  modernization  of  its  ship-borne  RF  functions, 
radar,  communications,  and  electronic  warfare.  The  broad  concept  of  the 
modernization  plan  is  to  develop  multi-function  active  phased-array  aper¬ 
tures  to  integrate  functions  now  covered  by  uncoordinated  individual  RF 
systems.  The  key  conclusion  of  this  study  is  that  the  plan  is  not  only  techni¬ 
cally  feasible,  but  is  crucial  to  maintaining  technical  superiority  in  a  period 
of  rapid  commercial  developments  that  have  direct  application  to  the  Navy's 
RF  functions. 

The  major  impediment  to  the  widespread  use  of  active  phased-array 
apertures  has  been  the  costs  of  the  traditional  architectures,  which  in  turn 
have  been  limited  by  technical  capabilities  in  digital  processing  and  high¬ 
speed  electronics.  These  cost  and  architecture  limitations  are  changing  rapidly 
with  the  development  of  commercial  microwave  communications  and  wireless 
networks.  The  evolution  of  these  commercial  technologies  can  be  exploited 
in  the  development  of  new  low-cost  phased  array  systems,  if  Navy  person¬ 
nel  appropriately  oversee  the  development  process.  Conversely,  the  wide 
availability  of  these  commercial  technologies  poses  obvious  opportunities  for 
adversaries  to  develop  capabilities  that  compete  or  interfere  with  Navy  func¬ 
tion.  Maintaining  Navy  technical  superiority  will  require  a  flexible  system, 
such  as  that  proposed  under  the  Integrated  Topside  program,  to  allow  rapid 
adaptation  to  advances  in  commercial  capabilities. 

A  synopsis  of  key  technical  conclusions,  described  in  more  detail  in  the 
full  study  report,  follows. 
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1.  The  importance  of  implementing  the  modernization  program  as  a  sys¬ 
tem  cannot  be  overemphasized.  As  an  example,  much  of  the  present 
impetus  for  modernization  is  driven  by  the  ever-increasing  electromag¬ 
netic  interference  among  shipboard  RF  functions.  Issues  of  interference 
can  be  addressed  by  combining  well-planned  design  of  the  physical  sys¬ 
tem  with  software-controlled  scheduling.  Planned  scheduling  should 
also  be  used  to  optimize  resource  allocation  and  thus  minimize  system 
costs. 

2.  Commercial  competition  in  developing  new  device  technologies  such 
as  phase  shifters,  power  amplifiers  and  RF-CMOS  relevant  to  the  2  - 
18  CHz  range  under  consideration  will  provide  market  decisions  about 
cost/performance  benefits  in  the  transmit-receive  modules  (TRM)  for 
phased  arrays.  Developments  of  particular  interest  include  commercial 
CaN  power  amplifiers  and  possible  integration  of  III-V  channels  into 
Si-CMOS  chips.  The  modernized  Navy  system  should  take  every  pos¬ 
sible  advantage  of  the  resulting  COTS  components,  allowing  custom 
components  only  when  no  alternative  can  be  devised.  In  the  case  of 
specialized  components,  economies  of  scale  (e.g. ,  use  of  identical  com¬ 
ponents  across  all  systems  and  coordination  with  other  military  and 
civilian  users  of  phased  array  systems)  must  be  pursued.  Development 
of  custom  capabilities  should  be  pursued  only  when  there  is  no  com¬ 
mercial  alternative. 

3.  The  evolution  of  RF-CMOS  for  front  end  electronics  will  allow  increas¬ 
ing  digital  processing  for  adaptive  beam  forming,  error  correction  and 
predistortion  even  at  the  high  frequencies  needed.  Development  of  these 
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capabilities  in  parallel  with  evolving  device  technologies  will  improve 
performance,  help  to  contain  costs,  and  ultimately  will  enable  new 
functionality  such  as  spread-spectrum  capabilities  in  electronic  warfare. 

4.  Distributing  function  among  apertures  that  meet  the  technical  require¬ 
ments  for  that  function  (e.g. ,  power  level,  frequency  band,  transmit  vs. 
receive)  will  be  needed  to  maximize  system  performance.  To  the  extent 
possible,  individual  apertures  should  continue  to  support  multiple  com¬ 
patible  functions.  The  design  cost/function  trade-offs  to  be  considered 
will  involve  array  element  allocation  and  configuration  (e.g.,  multiple 
function  on  many  generic  elements  vs.  dedicated  elements  tailored  to 
function).  In  the  early  stages  of  system  evaluation,  design  choices  for 
antenna  arrays  should  involve  uniform  undifferentiated  elements  that 
can  be  rapidly  reconfigured,  via  the  standardized  interfaces,  with  re¬ 
spect  to  functional  allocation  and  associated  TRM. 

5.  The  development  of  the  modernized  system  must  include  rigorous  and 
stringently  enforced  standards  for  open  software  architecture  and  vendor- 
transparent  hardware  interfaces.  This  is  essential  to  allow  for  develop¬ 
ment  in  a  time  of  rapidly  changing  technology.  To  accomplish  this 
the  Navy  must  actively  initiate  and  oversee  consensus-based  standards 
development  processes  analogous  to  those  used  by  IEEE  and  IETF, 

6.  We  strongly  recommend  that  the  modernization  program  proceed  via 
spiral  development,  because  making  an  unchangeable  technology  choice 
now  would  be  akin  to  the  historical  choice  between  Beta  and  VHS  video 
standards.  The  evolution  cycle  should  proceed  sequentially  through 
three  stages,  where  we  predict  the  greatest  technical  advances  will  occur 
during  the  second  of  the  three  stages.  The  three  stages  are: 
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(i)  Adapt  existing  architectures  and  COTS  technology  to  obtain  use¬ 
ful,  but  possibly  limited  (e.g.,  narrow  bandwidth  or  lower  power) 
functionality  at  the  lowest  possible  costs. 

(ii)  Develop  hybrid  systems  incorporating  technological  advances  dic¬ 
tated  by  commercial  applications  and  by  progress  under  stage  (i). 
Exploit  increased  digital  processing  to  decrease  demands  on  elec¬ 
tronic  components  and  increase  system  functionality. 

(hi)  Constantly  evaluate  technology  developments  for  potential  to  achieve 
the  ultimate  functionality  of  "software-controlled  RF,"  and  invest 
in  technology  development  as  needed  to  pursue  the  most  promis¬ 
ing  options. 
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2  INTRODUCTION  STUDY  CHARGE 


2.1  Navy  Context 


In  the  past  20  years  there  has  been  a  rapid  proliferation  in  demand  for 
RF  function,  e.g.,  communications,  radar  and  electronic  warfare,  on  naval 
vessels.  As  a  result,  the  number  of  antennas  on  naval  vessels  roughly  doubled 
between  the  1980s  and  1990s.  The  process  has  occurred  with  little  central 
planning,  as  described  in  one  communication  [1]: 

"For  the  most  part  the  present  external  platform  design  approach  is 
based  on  developing  separate  systems  and  associated  antennas  for  each  in¬ 
dividual  RF  function.  The  individual  antennas  are  then  arranged  seeking 
an  optimal  solution  ...  The  volume  of  military  messages  addressing  system 
blockage  and  EMI  problems,  and  the  expenditures  on  efforts  to  mitigate  these 
problems  has  shown  this  strategy  to  be  unacceptable." 

The  problem  is  so  severe  that  some  of  the  antenna  proliferation  results 
from  construction  of  multiple  antennas  for  the  same  function,  in  an  attempt 
to  circumvent  problems  with  electromagnetic  interference  (EMI).  The  end 
result  is  an  approach  to  gridlock  in  carrying  out  mission  RE  function,  in¬ 
creased  radar  cross  section  and  increased  topside  weight.  The  uncoordinated 
design  of  the  different  systems  further  causes  unnecessarily  high  training  and 
maintenance  costs. 

These  problems,  which  in  some  sense  appear  to  be  a  mundane  house¬ 
keeping  problem  (antenna  clutter),  in  fact  stem  from  a  real  technology  driver, 
which  is  the  proliferation  of  capabilities  in  RE.  The  Navy's  need  to  address 
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the  house-keeping  problem  is  coupled  to  a  serious  need  to  maintain  state-of- 
the-art-capability  and  military  superiority  in  RF  function.  To  address  these 
issues,  a  Innovative  Naval  Prototype  program,  Integrated  Topsides,  is  un¬ 
derway  to  develop  a  systems  approach  to  shipboard  RF  function  [2],  The 
keystone  of  this  program  is  the  use  of  multi-function  active  phased  array  (or 
"electronically-steered  array")  apertures,  with  the  development  of  new  ap¬ 
proaches  to  mitigate  the  notoriously  high  up-front  expense  of  phased  array 
systems  [3].  The  long-term  benefits  of  such  a  system  are  manifest: 

•  Improve  functionality  of  communications,  radar,  electronic  and  infor¬ 
mation  warfare. 

•  Improve  system  throughput  and  adaptability  by  dynamic  scheduling  of 
functions. 

•  Allow  rapid  adaptation  of  waveforms,  frequencies,  bandwidth  to  ad¬ 
dress  evolving  environments  and  threats 

•  Allow  constantly  evolving  technology  improvements  through  the  use  of 
an  open  architecture 

•  Reduce  topside  weight,  e.g.,  number  of  antennas,  mechanical  drives 

•  Reduce  EMI  between  systems  on  the  same  ship 

•  Reduce  ship  radar  cross-section 

•  Reduce  installed  cost  and  life  cycle  cost 

•  Reduce  maintenance  and  training  demands. 

Achieving  these  benefits  without  the  crushing  costs  that  have  limited 
the  new  destroyer  (DDX)  program  will  require  creative  exploitation  of  com- 
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mercial  drivers,  generating  economies  of  scale  by  modularity,  and  optimized 
system  design  to  maximize  functional  output  per  hardware  unit. 

The  focus  of  this  study  has  been  RF  functional  systems  covering  the 
frequency  range  of  2  GHz  to  18  GHz.  The  ability  to  address  the  variety 
of  technical  requirements  listed  is  necessary  for  implementation  of  different 
functions  on  a  multi-function  aperture.  In  addition,  the  mission  require¬ 
ments,  such  as  priorities  and  time  utilization  of  different  functions,  must  also 
be  addressed  in  making  decisions  about  which  functions  can  and  should  be 
implemented  on  a  shared  aperture.  For  instance,  the  high-power  of  Anti-Air 
Warfare  (AAW)  radars  is  a  demanding  requirement,  and  thus  AAW  is  likely 
to  be  technically  inappropriate  for  implementation  on  low-cost  apertures  that 
are  suitable  for  other  low  power  functions.  In  terms  of  functional  priority, 
the  urgency  of  AAW  function  would  limit  co-sharing  of  an  AAW  aperture  to 
other  functions  that  could  be  turned  off,  or  rerouted  to  other  apertures  at 
need,  without  damage  to  mission  requirements. 

2.2  Study  Overview 


The  charge  for  this  study  was  to  evaluate  the  feasibility  of  achieving  the 
goals  of  the  Integrated  Topsides  program,  to  identify  potential  roadblocks 
in  the  program  and  long-term  opportunities.  We  were  asked  to  do  this  in 
the  context  of  Navy  needs  and  in  the  context  of  contractor  proposals  for 
development  programs.  In  the  course  of  our  evaluation,  we  found  that  many 
concerns  about  the  multi-function  concept,  as  well  as  many  aspects  of  pro¬ 
posals  to  address  multifunction  capabilities,  were  narrowly  focused  based  on 
design  concepts  intrinsic  to  traditional  approaches.  At  the  same  time  we 
were  greatly  heartened  to  see  the  dynamism  of  research  and  development  in 
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relevant  RF  technologies,  and  increasing  interest  and  willingness  to  adapt 
commercial  developments  to  military  needs. 

In  the  following  sections  we  address  different  aspects  of  the  Integrated 
Topside  program.  In  Section  3,  we  begin  with  a  very  brief  overview  of  active 
phased-array  concepts.  We  then  address  some  device  development  propos¬ 
als  that  are  narrowly  focused  to  specific  problems  within  traditional  trans¬ 
mit/receive  module  design.  The  key  perspective  of  Section  3  is  that  the 
judging  long-term  value  of  such  new  devices  must  include  evaluation  of  their 
market  competitiveness.  Doing  so  will  help  avoid  being  locked  into  unsustain¬ 
able  products,  and  will  reduce  the  costs  inherent  to  use  of  custom  products. 
In  Section  4,  we  address  the  evolving  benefits  of  fast  semiconductor  tech¬ 
nology  to  active  phased  array  systems.  This  is  a  time  of  rapid  evolution 
in  capabilities,  and  we  recommend  that  the  Navy  allow  designs  to  evolve 
to  exploit  developments  in  the  commercial  sector.  In  Section  5,  we  discuss 
broader  systems  aspects.  Systems  decisions  will  be  strongly  influenced  by 
the  technology  options  available,  and  conversely,  the  systems  requirements 
will  constrain  the  technologies  that  can  be  used.  We  suggest  procedures  for 
maintaining  the  greatest  flexibility  in  the  development  program  for  Integrated 
Topsides.  Finally,  in  Section  6,  we  broadly  recommend  a  spiral  development 
program,  which  allows  each  subsequent  round  of  technology  development  to 
grow  based  on  the  lessons  of  the  previous  round. 

In  preparing  this  report,  we  were  provided  with  a  series  of  extremely 
useful  briefings  from  representatives  of  the  Navy,  contractors,  and  academics. 
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The  briefings  are  listed  in  Appendix  A.  The  technical  issues  involved  in  de¬ 
veloping  Integrated  Topsides  draw  from  many  different  communities,  each 
with  its  own  set  of  acronyms.  We  have  attempted  to  define  acronyms  where 
they  occur  in  the  text,  but  also  include  a  list  in  Appendix  B  for  reference. 
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3 


COST  DRIVERS  IN  TRADITIONAL  AC¬ 
TIVE  PHASED  ARRAY 


3.1  Introduction/Background 

Before  considering  issues  associated  with  combining  multiple  RF  func¬ 
tions  into  a  single  system,  we  begin  by  reviewing  the  basic  architectures  and 
components  in  a  typical  radar  system,  as  shown  in  Figure  1.  A  single  antenna 


Figure  1:  Generic  block  diagram  of  components  of  a  radar  system.  From 
Reference  [5]. 

or  dish  is  connected  to  two  sets  of  electronics,  the  transmit  (Tx)  and  receive 
(Rx)  chains,  via  a  duplexer.  (Alternatively,  in  many  cases  the  transmit  and 
receive  dishes,  and  thus  much  of  the  electronics  chain,  are  separate).  The 
function  of  the  duplexer,  which  can  be  a  circulator  or  an  alternating  switch, 
is  to  separate  outgoing  pulses  and  incoming  echoes,  directing  them  into  the 
appropriate  Rx/Tx  systems.  The  transmitting  system  consists  of  an  RF  oscil¬ 
lator,  a  modulation  system  which  is  driven  by  the  control  system  to  produce 
the  pulse  or  outgoing  waveform,  and  a  series  of  power  amplifiers  and/or  at¬ 
tenuators  used  to  generate  the  appropriate  pulse  levels.  The  receiver  usually 
consists  of  a  super-heterodyne  detection  system  with  a  low-noise  amplifier 
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(LNA),  followed  by  a  mixer  which  downconverts  to  a  lower  frequency  (the 
so-called  intermediate  frequency,  or  IF).  The  down-converted  signal  is  then 
filtered,  further  amplified,  and  finally  sent  to  the  detection/ display  system. 
Both  the  detection  and  pulse  shaping  are  usually  digitally  controlled,  but  the 
entire  Tx/Rx  electronics  chain  is  otherwise  analog.  To  prevent  damage  from 
the  high-power  outgoing  signals  and/or  interfering  signals  (RFI) ,  the  LNA 
is  often  protected  at  its  input  by  some  type  of  "receiver  protector"  limiting 
device  (not  shown). 

In  phased  array  radar,  the  single  radar  dish  is  replaced  by  an  aperture 
containing  an  array  of  small  antenna  elements.  In  a  passive  phased-array 
radar,  by  definition  having  one  transmitter  per  antenna,  the  general  archi¬ 
tecture  of  the  front  end  is  very  similar  to  that  shown  in  Figure  1.  Between 
the  duplexer  and  the  N  elements  of  the  array  there  is  a  beamforming  (or 
feed)  network,  consisting  of  an  N-way  power  splitter/combiner  and  individu¬ 
ally  adjustable  phase  shifters  and  attenuators  for  each  radiating  element,  as 
shown  in  Figure  2.  Since  the  elements  are  driven  synchronously,  their  radi¬ 
ation  patterns  superpose,  resulting  in  a  narrow  beam.  The  relative  phasing 
of  the  array  elements  determines  the  direction  in  which  the  superposition 
is  coherent.  Because  the  phases  can  be  electronically  controlled' ,  this  is 
an  electronically-steerable  array  (ESA) ,  in  which  the  beam  can  be  swept  or 
moved  much  more  rapidly  than  a  large  single  dish  could  be  rotated.  The 
ability  to  rapidly  reorient  the  beam  allows  multiple  and/or  fast  moving  tar¬ 
gets  to  be  tracked,  and  is  one  of  the  main  advantages  of  phased  arrays.  The 
passive  phased-array  radar  of  the  AEGIS  system  (the  AN/SPY-I)  is  a  good 
illustration  of  the  improved  functionality  that  a  phased  array  can  provide. 

lAn  alternative  beam-forming  approach  is  to  use  a  Butler  network  or  a  Rottman  lens, 
which  basically  couples  N  separate  input  feeds  to  the  N  radiators  with  a  fixed  phase 
relationship.  Then  the  N  input  feeds  correspond  to  N  possible  beam  directions,  and 
beam  scanning  is  performed  by  mechanically  connecting  to  a  different  input. 
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Figure  2:  Schematic  illustration  of  the  front  end  of  a  passive  phased  array 
system,  showing,  from  top  to  bottom,  antennas,  phase  shifters,  distribution 
(feed)  network,  circulator,  and  the  separate  transmit  and  receive  modules. 
From  Reference  [6]. 

In  a  system  with  a  single  dish  or  radiator,  the  required  directivity  or 
gain  increases  proportionally  to  the  total  effective  area  of  the  antenna  rela¬ 
tive  to  the  wavelength,  G  =  47r  Aes/A^,  and  so  determines  its  size.  In  an 
array,  the  required  gain  similarly  determines  the  overall  size.  In  order  to 
minimize  highly  undesirable  sidelobes,  the  array  elements  must  be  spaced 
about  half  a  wavelength  (d  =  A/2)  apart.  This  means  that  the  total  number 
of  array  elements  f  A  ~  A/d^  ^  G)  will  increase  linearly  with  the  array  gain. 
For  many  radar  applications,  this  gain  is  30-40  dB,  leading  to  arrays  with 
typically  1,000  to  10,000  elements.  So  even  though  the  array  will  be  the 
same  total  size,  it  has  many  more  parts  and  greater  complexity.  One  advan¬ 
tage  of  phased  arrays  is  the  ability  to  form  and  independently  steer  multiple 
beams.  In  a  passive  phased  array,  this  can  only  occur  via  time-sequenced 
beam  transmission.  In  principle,  in  an  active  phased  array  (active  electroni¬ 
cally  steerable  array),  as  described  below,  multiple  simultaneous  beams  can 
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be  formed.  The  key  issue  in  the  multi-function  phased  array  program  is 
the  extent  to  which  multiple  functions  can  be  simultaneously  performed  in 
a  single  aperture  to  allow  reduction  of  both  the  number  and  total  area  of 
apertures  required  on  board  a-ship.  The  technical  concerns  include  interac¬ 
tion  of  the  different  beams  due  to  nonlinearities  in  amplifiers,  dynamic  range, 
electromagnetic  interferences,  etc. 

The  array  architecture  of  an  Active  Electronically-Steered  Array  (AESA) 
is  shown  schematically  in  Eigure  3.  In  this  approach,  each  radiating  element 
of  the  array  has  its  own  Transmit-Receive  Module  (TRM) ,  which  is  essen¬ 
tially  a  complete  analog  RE  front-end  for  the  radar,  connected  directly  to 
the  elements.  Because  the  output  power  amplifiers  and  input  LNAs  are  con¬ 
nected  directly  to  the  antennas,  this  allows  the  amplifiers  to  compensate 
for  the  inevitable  losses  in  the  combiners  and  phase-shifters  of  the  beam¬ 
forming  network.  In  addition,  in  the  active  architecture,  the  phase  shifts 


Eigure  3:  Schematic  illustration  of  the  front  end  of  an  active  phased  array 
system,  showing,  the  integration  of  the  transmit/receive  electronics  with  the 
individual  antenna  elements.  Erom  Reference  [6]. 
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and  waveforms  applied  to  each  element  can  be  individually  tailored,  allowing 
formation  of  multiple  simultaneous  beams  and  sophisticated  beam  forming 
operations.  The  large  number  and  close  spacing  of  sets  of  RF  electronics 
in  the  active  array  means  that  the  TRM  modules  must  be  small  and  power 
efficient.  This  has  been  enabled  by  use  of  monolithic  microwave  integrated 
circuits  (MMICs,  usually  III-V  semiconducting  chips)  [7].  However,  III-V 
MMICs  represent  a  significant  expense  when  thousands  of  highly  uniform 
units  are  required.  In  addition,  a  TRM  still  requires  components  such  as  the 
limiter  and  duplexer,  which  use  other  materials  and  technologies,  and  limit 
the  level  of  integration  to  a  hybrid  circuit  board  or  multi-chip  module. 

The  active  array  architecture  has  several  advantages  for  combining  mul¬ 
tiple  functions  into  a  single  system.  Since  each  TRM  in  an  active  array  is 
independently  controllable,  the  array  can  be  dynamically  reconfigured  or 
broken  into  subunits  to  perform  different  functions.  Even  if  the  entire  ar¬ 
ray  is  used  for  multiple  signals  or  beams  at  once,  the  power  levels  in  each 
amplifier  are  N  times  smaller  than  they  would  be  in  the  electronics  of  the 
passive  array.  This  reduces  the  requirements  for  saturation  power  (PldB) 
and  linearity  (IP3)  of  the  individual  power  amplifiers  in  the  transmit  chain  il¬ 
lustrated  in  Figure  4.  Similarly,  the  dynamic  range  requirements  of  the  LNAs 
and  receiver  electronics  are  reduced  since  the  incoming  power  per  element  is 
reduced.  Maintaining  the  same  signal  to  noise  ratio  expected  in  the  single¬ 
dish  or  passive  array,  however,  requires  the  same  noise  figure  (NF)  for  each 
FNA  in  the  active  array.  So  while  some  requirements  for  the  RF  electronics 
are  relaxed  by  adopting  the  AESA  concept,  obtaining  adequate  performance 
still  places  stringent  requirements  on  the  elements.  An  alternative  approach 
to  a  full  active  array  is  to  break  the  array  into  moderately  sized  subarrays 
which  have  their  own  electronics,  and  are  then  further  combined  afterwards 
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Figure  4:  Traditional  design  of  transmit/receive  module  in  an  active  phased 
array.  The  components  are  typically  fabricated  in  a  GaAs  MMIC.  From 
Reference  [8].  The  phase  shifter  may  be  either  a  true  time  delay,  or  it  may 
generate  a  frequency-dependent  phase  offset.  Continuing  design  improvments 
include  minimizing  the  parts  count,  for  instance  replacing  the  current  cascade 
of  driver  and  power  amplifiers  with  a  single  solid  state  power  amplifer.  In 
addition,  the  addition  of  integrated  tuneable  filters  can  be  used  to  improve 
dynamic  range  for  wide  band  signals. 


to  yield  the  full  array.  This  is  adopted  for  example  in  the  AN/ SPY- 1  AEGIS 
arrays,  where  sub-arrays  of  16  elements  each  have  copies  of  transmit-receive 
electronics. 

Commercial  developments  in  microwave  communication  and  wireless 
networks  are  driving  costs  down  and  functional  capabilities  up  for  the  devices 
used  in  transmit/receive  modules.  As  a  result,  careful  selection  of  COTS 
components  for  populating  a  TRM  has  significant  potential  for  driving  down 
costs  in  phased  arrays.  A  major  cost  component  in  TRMs  has  traditionally 
been  the  phase  shifters.  Normally  these  are  fabricated  in  GaAs  as  a  compo¬ 
nent  of  the  microwave  monolithic  integrated  circuit  [7,  8].  However,  there  is  a 
possibility  that  a  hybrid  package  involving  phase  shifting  (either  true  time  de¬ 
lay,  or  frequency  dependent  phase  offset)  using  an  independent  device  may 
yield  similar  or  improved  performance  at  substantially  lower  cost.  This  is 
discussed  in  more  detail  in  the  following  section,  and  digital  alternatives  are 
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discussed  in  Section  4.1.  Another  issue  for  Navy  applications  is  the  need  for 
extremely  high-power  in  some  applications,  such  as  AAW  radar,  as  well  as 
front-end  protection  of  the  electronics  for  the  case  of  high-power  jamming  or 
inadvertent  illumination  via  multi-path  beams  or  other  unplanned  sources. 
The  use  of  front-end  amplifiers  based  on  wide-band-gap  GaN  is  attractive 
in  this  respect.  Commercial  applications,  as  well  as  developmental  research 
for  military  applications,  have  recently  resulted  in  substantial  progress  in 
high-power  GaN  amplifiers.  This  is  discussed  in  more  detail  in  Section  3.3. 
Finally,  we  discuss  in  Section  3.4  the  issues  that  arise  when  wide  band  signals 
are  desired  to  allow  signals  at  different  frequencies  to  be  handled  by  the  same 
TRM  module.  As  we  will  note  there,  this  approach  to  multifunction  must 
be  weighed  against  the  possibility  of  using  parallel  electronics  designed  to 
handle  different  frequency  bands. 

3.2  Beam  Forming 

Formation  or  selection  of  directional  RF  signals  (beam  forming)  is  ac¬ 
complished  by  adding  variable  phase  shifts  to  the  signals  transmitted  or 
received  by  all  the  elements  of  the  array.  There  are  many  mechanisms  of 
generating  the  phase  shifts,  and  here  we  will  generically  use  the  term  "phase 
shifter"  to  include  all  mechanisms,  including  change  of  the  propagation  con¬ 
stant  along  the  device  path,  true-time  delay  [9]  and  digital  phase  shift  control. 
Conventional  phased  array  antennas  are  designed  to  create  one  steered  beam 
at  a  time,  with  formation  of  multiple  beams  accomplished  by  time  multi¬ 
plexing  the  electronics.  If  one  would  like  to  combine  the  operation  of  many 
independent  RF  channels  through  a  single  phased  array  antenna  system,  one 
possibility  is  to  the  break  the  array  of  elements  into  subarrays,  designing  each 
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to  form  a  different  beam  as  discussed  above.  Another  possibility,  that  of  si¬ 
multaneously  generating  signals  corresponding  to  more  than  one  beam  at  the 
same  antenna  element  may  also  be  considered  using  an  active  phased  array 
system.  In  each  of  these  cases,  hardware  implementation  requires  an  inde¬ 
pendent  phase  shifter  for  each  simultaneous  beam.  The  possibility  of  using 
digitally-generated  waveforms  to  avoid  this  problem  is  discussed  in  Section  4 
and  Appendix  D. 

The  active  phased  array  antennas  needed  to  support  the  multiple  func¬ 
tions  will  have  to  operate  over  a  wide  range  of  frequencies,  power  levels,  as 
well  as  responding  to  demands  on  angular  resolution  and  duty  cycles.  In 
designing  a  beam  forming  architecture,  one  approach  would  be  to  create  a 
single  wide  band  front  end  (TRM)  that  allows  flexible  switching  of  an  ele¬ 
ment  between  different  functions  at  different  times.  In  this  case,  the  front 
end  design  would  need  to  encompass  the  full  bandwidth  of  all  possible  signals 
(the  issue  of  the  maximum  power  level  of  the  most  demanding  function  is 
discussed  in  Section  3.3).  This  would  require  (in  hardware)  the  use  of  true 
time  delay  phase  shifters,  that  operate  by  delaying  the  passage  of  the  RF 
signal  using  a  variable-length  transmission  line,  or  through  a  related  tech¬ 
nique.  There  is  a  simple  and  direct  connection  between  their  operation  and 
the  concept  of  a  phased-array  antenna.  True  time-delay  phase  shifters  oper¬ 
ate  over  a  broad  range  of  frequencies,  limited  at  the  low  end  by  the  length  of 
the  transmission  line.  However,  manufacture  of  MMIC  true-time  delay  phase 
shifters  is  a  significant  cost  driver  in  phased  array  systems.  Alternative  device 
structures,  for  instance  MEMS  delay  lines  warrant  further  analysis  for  func¬ 
tionality,  cost  and  reliability.  With  standardization  and  volume  production, 
such  an  alternative  could  be  an  economical  choice  for  some  implementations 
of  multi-function. 
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Alternatively,  lower  cost  and  greater  flexibility  may  be  attained  by  de¬ 
signing  several  types  of  front  end  electronics,  each. optimized  for  a  group  of 
functions.  As  shown  in  Table  ??  above,  many  of  the  RF  channels  proposed 
for  the  multi-function  phased  array  system  have  narrowband  signals  about  a 
well-defined  frequency,  for  example  communications.  For  this  case  it  may  be 
more  appropriate  (e.g. ,  improved  specific  performance  at  lower  cost)  to  use 
phase  shifters  that  operate  over  a  relatively  narrow  bandwidth.  Because  the 
RF  channels  are  identified  by  their  frequency,  it  would  be  possible  run  several 
channels  in  parallel  through  a  single  antenna  element,  with  a  different  phase 
shift  for  each  channel,  to  form  independently  controlled  beams.  A  straight¬ 
forward  approach  to  such  a  system  would  be  to  have  a  separate  bandwidth 
filter  and  phase  shifter  for  each  channel  (see  for  instance  Section  5,  Figure 
23).  The  question  of  the  ultimate  possible  cost  and  performance  for  a  single 
wide-band  front  end  vs.  multiple  parallel  narrow  band  front  ends  remains 
open.  However,  at  present,  narrow  band  implementations  are  straightfor¬ 
ward  and  relatively  inexpensive.  Thus  in  the  spiral  development  program 
outlined  in  Section  6,  the  use  of  parallel  systems  is  likely  to  be  important  in 
the  first  stage  of  development. 

Another  interesting  possibility  is  to  develop  GHz  delta-sigma  digital-to- 
analog  converters  that  can  directly  generate  the  phase-shifted  RF  signal  over 
a  broad  frequency  range.  This  approach  is  conceptually  simple,  and  it  would 
allow  one  to  generate  a  wide  variety  of  phase  shifting  schemes  ranging  from 
true  time  delay  to  a  sophisticated  narrow-band  phase  shifter  that  controls 
several  channels  at  once,  through  a  single  element.  However  designing  such  a 
system  with  sufficient  resolution  and  speed  will  be  difficult,  and  it  will  require 
very  high  digital  processing  speeds  for  the  digital  feed  signal  (see  Section  4.2 
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and  Appendix  D).  A  careful  consideration  of  this  approach  is  needed  to  see 
if  it  is  realistic  and  economical  in  the  near  term. 

Power  level  is  another  consideration.  Ideally,  the  power  level  of  phase 
shifters  should  be  kept  low,  to  minimize  their  size  and  cost.  For  this  reason 
they  are  typically  placed  before  the  power  amplifier,  and  after  the  low  noise 
amplifier,  as  in  Figure  3.  Alternative  placement  at  the  local  oscillator  of 
the  mixer,  or  at  the  IF  portion  of  the  system  can  also  be  advantageous.  For 
instance,  for  RF  channels  with  a  relatively  narrow  bandwidth,  one  can  reduce 
the  operating  frequency  of  the  phase  shifter  by  placing  it  in  the  IF  section  of 
the  electronics.  Approaches  like  these  can  reduce  the  size  and  cost. 

3,2,1  Commercial  developments  in  low-cost  phase  shifters 


A  number  of  alternatives  to  the  relatively  expensive  fabrication  of  hard¬ 
ware  phase  shift  in  MMIC  are  possible,  and  several  are  in  the  early  stages  of 
commercialization.  Here  we  will  present  one  specific  example,  and  list  sev¬ 
eral  other  possibilities.  All  of  these  have  significant  technical  promise.  Their 
usefulness  for  Naval  applications  will  depend  not  only  on  their  technical  per¬ 
formance,  but  also  on  whether  a  robust  commercial  base  for  their  continued 
development  and  application  is  established. 

One  example  of  early  commercial  development  is  based  on  developments 
in  thin-film  processing  of  ferroelectric  materials  [10] .  One  can  make  a  time- 
delay  phase  shifter  by  constructing  a  strip  line  with  regularly  spaced  varac¬ 
tors  made  from  a  thin-film  ferroelectric  such  as  Barium  Strontium  Titanate 
(BST).  The  capacitance  of  a  BST  varactor  varies  with  applied  dc  voltage  as 
a  consequence  of  the  symmetry  of  the  Ti  ion  in  its  crystal  structure.  The 
Ti  ion  is  moved  off-center  in  a  cell  of  the  lattice  by  an  applied  electric  field. 
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Figure  5:  Strip-line  design  of  a  ferroelectric  thin  film  phase  shifter,  from 
Reference  [11].  The  structure  is  a  periodically-loaded  transmission-line  that 
can  be  treated  as  a  synthetic  transmission  line  with  a  voltage-variable  phase- 
velocity. 

changing  the  dielectric  constant.  This  variation  occurs  very  quickly,  because 
it  is  controlled  by  the  rapid  changes  in  the  Ti  ion  position. 

A  phase  shifter  with  time-delay  characteristics  can  be  constructed  by 
placing  BST  varactors  along  the  length  of  a  strip  line  as  illustrated  in  Figure  5 
[11];  the  time  delay  is  controlled  by  the  voltage  across  the  varactors.  This  oc¬ 
curs  because  the  phase  velocity  of  an  electromagnetic  pulse  i/ph  =  l/(LoCo)i/2 
is  determined  by  the  product  of  the  inductance  Lq  and  capacitance  Co  per 
unit  length  of  the  strip  line.  Controlled  by  their  voltage,  the  BST  varactors 
can  change  the  phase  velocity,  and  thus  the  time  delay  of  the  strip  line,  by 
varying  Co'  An  insertion  loss  <  3  dB  is  observed  at  10  GHz  for  the  BST- 
based  device,  however  in  general  the  RF  losses  are  higher  than  desirable,  and 
work  in  alternative  materials  is  more  promising  [12]. 

The  ability  to  make  a  compact  time-delay  phase  shifter  that  is  con¬ 
trolled  by  moderate  voltages  is  attractive  for  low-cost  applications.  Work  is 
continuing  in  optimizing  the  properties  of  ferroelectric-based  phase  shifters, 
as  illustrated  in  Figure  6.  Figure  7  presents  a  comparison  of  different  varactor 
technologies  including  GaAs  and  MEMS.  The  potential  of  such  alternative 
devices  for  low-cost  components  in  phased  array  architectures  needs  serious 
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Figure  6:  (a)  Insertion  and  return  losses  and  (b)  differential  phase  shifts 
with  applied  dc  bias  of  BZN  phase  shifter  (BZN  film  thickness  160  nm). 
For  frequencies  well  below  the  Bragg  frequency  (determined  by  the  periodic 
structure  of  the  line),  the  phase  shift  increases  linearly  with  frequency.  At 
the  design  frequency  of  15  GHz,  the  highest  insertion  loss  (at  zero  bias)  is  3.5 
dB ,  and  the  maximum  differential  phase-shift  is  175°  giving  a  50  dB  figure 
of  merit  at  15  GHz.  From  Ref.  [12] . 


evaluation  in  terms  of  performance,  integration  costs,  and  long-term  commer¬ 
cial  stability.  Alternative  designs  in  RF-CMOS  are  discussed  in  Section  4. 


3.3  Amplifers 


If  one  were  to  take  the  concept  of  multi-function  arrays  to  its  extreme, 
e.g.  supporting  any  and  all  functions  on  any  single  aperture,  it  would  be 
easy  to  find  problems  with  possible  implementation.  Of  course,  rational 
systems  design  will  certainly  lead  to  partitioning  of  functions  among  sub¬ 
sets  of  apertures.  As  noted  in  Section  2,  the  modernization  program  will 
support  a  substantial  number  of  relatively  low-power  functions,  which  can 
be  grouped  without  the  amplifier  linearily  and  thermal  management  issues 
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A  specific  example  is  the  development  of  an  efficient,  high-power  GaN 
HFET  (Nitronex  NPT  21120)  for  basestation  amplifier  applications  as  de¬ 
scribed  in  reference  [18].  The  devices  were  grown  on  fioatzone  silicon  (111) 
substrates.  In  order  to  make  the  amplifier  more  efficient,  the  drain  volt¬ 
age  N dd  was  adjusted  with  the  envelope  of  the  input  signal.  This  amplifier 
achieved  power  added  efficiency  PAE  =  50.7%  with  an  average  output  power 
Po  =  37.2  W  at  2.14  GHz. 

The  continuing  commercial  development  of  GaN  devices  has  clearly  ben¬ 
efited  from  early  R&D  investment  by  the  military.  The  growing  applications 
now  pose  the  potential  to  allow  military  developments  to  benefit  from  the 
cost  reductions  inherent  in  higher-volume  production. 

3.4  Findings 

Eront-end  architecture,  e.g.,  the  transmit-receive  module  (TRM)  is  a 
major  cost-driver  in  active  phased-array  systems.  Demanding  broad  func¬ 
tionality  in  a  custom  one-size-fits-all  TRM  is  unlikely  to  be  cost  effective. 
Designs  based  on  parallel  low-cost,  high-performance  units  optimized  for 
different  functional  requirements  are  likely  to  yield  the  most  cost  effective 
solutions  in  the  short  term  for  all  but  the  most  demanding  (e.g.,  AAW)  ap¬ 
plications.  Because  of  the  increased  commercial  applications  for  III-V  semi¬ 
conductor  devices,  there  is  an  expanding  base  of  COTS  components  that  can 
and  should  be  utilized  in  this  development. 

Commercially  driven  developments  offering  lower  cost  alternatives  to 
existing  phase-shifters  are  in  the  engineering  design  and  test  stage,  in  partic¬ 
ular,  MEMS  phase  shifters  and  ferroelectric  strip-line  phase  shifters.  Market- 
driven  cost  and  performance  analysis  should  be  an  important  factor  in  as- 
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sessing  their  viability  for  active  phased  array  systems  vs.  existing  MMIC  and 
RF-CMOS  alternatives  (next  section). 

Continuing  development  of  wide-bandgap  semiconductor  devices  for  high- 
power  RF  applications  is  increasingly  supported  by  commercial  drivers.  Ex¬ 
ploiting  the  resulting  economies  of  scale  is  essential  to  managing  future  costs 
in  Naval  active  phased  arrays  systems. 
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4  RF-CMOS  AND  DIGITAL  PROCESSING 


4.1  RF-CMOS  Capabilities  and  Notional  Design 


4.1.1  Fast  semiconductor  electronics 


The  major  impediment  to  the  widespread  use  of  phased-array  aper¬ 
tures  has  been  the  cost  of  the  traditional  architectures,  which  in  turn  have 
been  limited  by  material  costs  and  technical  capabilities  in  digital  process¬ 
ing  and  high-speed  electronics.  The  increasing  speed  of  CMOS,  military 
R&D  investment  in  alternative  electronic  materials,  and  market  pressures 
due  to  commercial  development  of  microwave  communication  and  wireless 
networks,  have  resulted  in  new  capabilities  that  will  substantively  alter  the 
cost/performance  issues  governing  phased  array  development. 


InP  HBT:  500  n>n  etnltef 
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150  GHz  static  divide:  i 
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91GHz  mpll  . 

MOSFETs  ore  Stower  than  BJTs 
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Figure  9:  Integrated  circuit  capabilities  of  three  semiconductor  processes 
based  on  different  materials,  indium  phosphide  (InP),  silicon  germanium 
(SiGe)  and  silicon/silicon  dioxide  (CMOS).  Note  the  different  fabrication 
size  scales  for  the  different  processes.  Figure  courtesy  of  M.  Rodwell,  DCSB. 
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Capabilities  in  fast  semiconductor  materials  are  illustrated  in  Figure  9. 
Speed  alone  does  not  suffice  to  define  the  optimal  technology  base  for  ap¬ 
plications.  In  addition,  feasibility  and  cost  of  processing  complex  circuits 
and  noise  figures  are  important  criteria.  Some  of  these  trade-offs  were  eval¬ 
uated  in  a  perspicacious  1999  analysis  for  the  most  promising  high-speed 
semiconductor  technologies  for  astronomical  phased  arrays  at  0.2  -  2  GHz. 
The  authors  predicted  that  SiGe  CMOS  would  be  the  optimum  choice,  and 
in  fact  we  now  see  that  high  end  products  and  technology  demonstrations 
based  on  fast  RF-CMOS  are  being  performed  in  SiGe  Bi-CMOS.  However, 
even  as  CMOS  continues  to  move  to  smaller  size  scales,  improvements  in 
other  fast  materials  are  occurring,  and  the  cost-benefit  issues  will  need  to  be 
re-evaluated  on  a  rolling  basis. 

In  continuing  evaluation  of  electronic  materials  it  should  be  noted  that  in 
any  physics  analysis  Ill-V  devices  have  superior  high-frequency  performance, 
at  the  same  fabrication  length  scale,  due  to  intrinsically  higher  mobility. 
Furthermore,  Ill-V  devices  are  fabricated  on  semi-insulating  substrates  vs. 
the  conducting  substrates  of  standard  CMOS  fabrication.  As  a  result,  the 
standard  Ill-V  architecture  is  intrinsically  less  lossy,  which  is  important  in 
design  of  the  passive  structures  (e.g.,  spiral  inductors)  needed  in  RF  circuits. 
The  material  difficulties  (and  resulting  low  yields  and  thus  high  costs)  in  IIl- 
V  processing,  and  the  commercial  investment  in  decreasing  the  fabrication 
length  scale  for  Si  CMOS  and  SiGe  Bi-CMOS  provide  the  counterbalancing 
effects  in  cost  and  performance. 

In  terms  of  practical  performance,  a  properly  designed  CMOS  or  SiGe 
LNA  ultimately  should  not  be  any  worse  than  a  GaAs  LNA  in  terms  of  noise 
figure.  The  differences  in  performance  between  GaAs  and  Si  or  SiGe  are 
now  small  enough  at  the  device  level  that  parasitics  (particularly  intercon- 
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nect  losses,  both  on-chip  and  for  the  antenna  feedline)  dominate,  making  the 
overall  LNA  NF  values  differ  much  less.  In  comparing  CMOS  to  the  others, 
it's  often  useful  to  point  out  that  if  the  spurious-free  dynamic  range  (SFDR) 
is  important,  then  CMOS  actually  differs  insignificantly  from  bipolars  (short 
channel  effects  behave  much  like  built-in  broadband  degeneration).  Indeed, 
CMOS  usually  outperforms  bipolars  in  this  regard,  for  equal  power  dissipa¬ 
tion.  Finally,  it's  important  to  emphasize  that  complementary  mixers  can 
exhibit  much  less  1/f  noise  than  those  made  with  n-FETs  only. 

4.1.2  Receive  module  design  considerations 

Evolution  of  TRM  design  into  new  materials  systems  requires  rethink¬ 
ing  the  design  choices  that  are  now  standard  in  phased  array  technology. 
Present  design  choices  are  historically  linked  to  the  analog  designs  of  radio, 
then  radar  dishes  (Eigure  1),  through  the  passive  phased  array  designs  illus¬ 
trated  in  Eigure  2,  and  the  active  array  design  of  Eigures  3  and  4.  With  the 
advent  of  new  capabilities  available  in  integrated  circuits,  every  aspect  of  the 
phased  array  architecture  can  be  reconsidered.  In  particular,  not  only  the 
device  implementation  for  each  processing  step  should  be  considered,  but  ad¬ 
ditionally  the  logic  governing  the  sequence  of  steps.  The  traditional  sequence 
roughly  follows  the  order: 

Receive 

Low  Noise  Amplification  — > 

Phase  Shift  — ^ 

Beam  forming  (power  combining)— > 

Down-conversion  (mixing  with  LO) 

Intermediate  processing-^ 

Transmission  to  central  processor 
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Transmit 


Based  on  the  fabrication  costs  of  various  elements  in  CMOS,  substantial 
changes  in  front  end  architecture  can  be  considered.  For  instance,  a  model 
architecture  for  a  (possibly  integrated)  receive  module  combines  the  LNA, 
the  first  mixer(s) ,  and  the  local  oscillator  (LO)  for  the  first  mixer(s)  as  shown 
in  Figure  10.  Narrow-band  beam  steering  (a  phase  shift)  can  be  done  almost 

24GHz 


75MHz 


Figure  10:  Diagram  of  the  receive  architecture  for  a  16-element  phased  array. 
Design  has  been  implemented  for  a  24GHz  system  using  SiGe  biCMOS,  and 
beam  forming  with  4  elements  has  been  demonstrated.  From  Reference  [19]. 
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for  free  by  phase  shifting  the  La  (relative  to  a  reference  phase)  before  mix¬ 
ing.  This  necessitates  a  separate  mixer  and  La  phase  shifter  (and  possibly 
LO)  for  each  beam  being  formed.  However,  these  mixers  are  cheap  (when 
integrated),  so  supporting  8-16  simultaneous  beams  (channels)  is  not  diffi¬ 
cult.  Note  that  the  phase  shift  setting  for  each  element  is  digital,  a  digital 
input  to  a  phase  interpolator  in  the  La  phased  lock  loop  (PLL)  feedback 
lOOp.2  Also  note  that,  unlike  traditional  designs,  here  the  down  conversion 
occurs  BEFORE  beam  forming.  The  full  phase/ amplitude  information  of  the 
individual  waveforms  for  all  the  antenna  elements  therefore  can  be  available 
at  intermediate  frequency  (IF)  for  whatever  level  of  digital  processing  that 
can  be  supported  in  the  front  end  circuitry. 

In  implementing  the  down-conversion,  one  possibility  would  be  to  use 
a  commutating  mixer  to  mix  the  signal  down  from  RE  to  baseband.  This 
mixer  can  easily  be  implemented  in  CMOS  and  can  double  as  the  sample  and 
hold  for  the  subsequent  ADC.  Using  a  commutating  mixer,  however,  will  fold 
the  spectrum  over  many  times,  and  so  depends  on  filtering  out  the  desired 
channel  before  the  mixer.  Using  Gilbert-cell  mixers  (or  any  non-sampling 
mixer)  enables  the  use  of  IF  filtering. 

After  the  mixers  we  then  have  an  IF  signal  (I  and  Q)  for  each  channel 
of  each  array  element.  All  of  the  element  signals  for  each  channel  need  to  be 
summed  to  form  the  beams.  This  summation  can  be  done  in  the  digital  or 
analog  domain.  Performing  the  sum  in  the  digital  domain  reduces  noise  and 


2There  is  nothing  fundamental  about  200  MHz  bandwidth.  It  is  just  used  here  to 
provide  a  concrete  example.  Converters  are  available  commercially  at  up  to  3  Gs/  s,  so  that 
1.5  GHz  channels  could  be  implemented,  with  better  performance  available  for  custom- 
designed  converters.  Another  limit  on  the  width  of  individual  channels  will  be  the  issues 
of  amplifier  linearity  and  true-time  delay  vs.  phase  shift  in  implementing  steering. 
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adds  flexibility.  Performing  the  sum  using  analog  signals,  as  shown  in  Fig¬ 
ure  6,  reduces  the  number  of  ADCs  needed  dramatically  but  also  reduces 
flexibility  -  and  does  not  allow  the  wide-band  beam  forming  described  be¬ 
low. 


While  analog  summing  requires  fewer  ADCs,  it  requires  better  ADCs. 
Suppose  we  need  12  bits  of  output  precision  [20]  for  net  output  of  each  channel 
of  the  array.  With  digital  summing,  we  could  convert  at  each  element  using 
7  bits  of  precision  and  then  sum  over  1024  elements  to  give  an  output  signal 
with  12-bits  of  precision.  As  long  as  the  quantization  noise  is  uncorrelated 
(which  can  be  arranged  with  dither),  it  will  sum  as  N'/^  over  the  N  elements. 
With  analog  summing  we  would  need  a  single  12-bit  converter.  If  the  highest 
bandwidth  for  a  single  signal  were  200MHz,3  we  would  need  400  m  sample/s 
converters  for  I  and  Q  at  Nyquist  sampling  rate.  Sampling  at  this  rate  is 
feasible  at  either  7  or  12  bits,  but  a  lot  less  technically  demanding  at  7  bits, 
as  suggested  by  Figure  11.  Further  design  considerations  would  have  to  be 
addressed  if  significant  jamming  issues,  or  weak/strong  signal  issues  cannot 
be  handled  within  7  bit  digitization. 


With  the  ADC  at  the  elements  and  subsequent  digital  summing,  the 
output  from  (and  phase  control  input  to)  the  elements  is  entirely  digital. 
With  a  400  MHz  12-bit  channel  signal,  the  output  bandwidth  can  com¬ 
fortably  be  transmitted  on  a  single  twisted  pair  up  to  5- 10m.  (Note  that 
the  PCI-Express  2.0  standard  uses  5.0Gb/s  per  pair).  For  a  large  array 

3If  improperly  implemented  PLLs  can  add  phase  noise.  Thus  careful  design  would  be 
needed  if  this  particular  aspect  of  the  approach  were  to  be  implemented  for  Naval  systems. 
Specifically,  the  output  phase  noise  depends  on  the  input  phase  noise,  the  PLL  loop  band¬ 
width,  the  phase  noise  characteristics  of  the  PLL's  internal  V60,  and  the  implementation 
details  of  the  feedback  divider.  Within  the  loop  bandwidth,  the  output  phase  noise  will 
track  that  of  the  input  (within  a  multiplication  factor  corresponding  to  the  divide  ratio), 
so  if  the  input  is  clean,  the  output  will  be  (or  can  be  made  to  be),  also.  Outside  of  the 
loop  bandwidth,  the  inherent  phase  noise  of  the  PLL's  V60  will  dominate.  This  requires 
care  in  the  V60  design  as  well. 
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Figure  11:  State  of  the  art  ADC  resolution  vs.  sampling  rate  circa  2004.  The 
red  arrow  indicates  the  path  of  technology  development,  e.g.,  toward  higher 
speeds  and  resolution.  Figure  courtesy  of  M.  Rodwell,  UCSB. 


with  10^  -  10"^  elements,  these  serial  channels  would  be  combined  digitally 
in  a  module  co-located  with  the  array  (see  also  Section  4.2).  If  sufficient 
compute-power  could  be  located  at  the  array,  this  module  would  perform 
the  wide-band  beam  steering.  Alternatively,  as  discussed  later,  more  limited 
computation  involving  local  calibration  and  intermodulation  correction  could 
be  performed  at  this  level,  with  transmission  of  the  summed  signals  to  the 
central  processor. 

Performing  all  I/O  from  the  elements  digitally  greatly  simplifies  the 
problem  of  connecting  up  the  arrays  (and  reduces  the  cost  of  this  connection). 
The  only  analog  signal  that  would  leave  a  receive  module  in  this  design  is  the 
single  phase  reference  signal  that  is  broadcast  to  all  of  the  elements  for  each 
channel.  This  signal  needs  to  either  have  a  matched  delay  to  each  element 
-  or  the  phase  shift  of  this  signal  to  each  element  needs  to  be  characterized 
so  it  can  be  offset  with  the  digital  phase  adjustment.  The  signal  out  of 
the  receive  module  and  the  phase  control  signals  to  the  receive  module  are 
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entirely  digital  and  hence  insensitive  to  delay  mismatch  and  small  amplitude 
variations. 

4.1.3  Transmit  module  design  eonsiderations 


Broadly  speaking,  the  transmit  module  is  the  same  as  for  the  receiver 
module  but  in  reverse.  Using  the  same  line  of  argument  as  above,  data 
and  phase  information  can  be  distributed  in  digital  form  to  the  transmit 
modules  in  the  array.  The  transmit  modules  then  would  each  contain  an 
independent  DAC,  LO,  mixer,  and  a  power  amplifier.  Sequentially,  the  DAC 
conversion  from  digital  signal  to  analog  will  occur  first ,  followed  by  signal  up- 
conversion  via  the  LO  and  mixer.  If  multiple  beams  are  to  be  transmitted, 
then  the  multiple  channels  would  be  combined  at  the  analog  stage,  and  the 
summed  signal  would  be  passed  through  the  power  amplifier  and  coupled  to 
the  antenna  element. 

4.1.4  Active  phase  correction 


In  the  system  design  discussed  above,  the  phase  reference  signal  can  be 
internally  auto-calibrated  for  the  individual  transmit  and  receive  arrays,  elim¬ 
inating  the  need  for  delay  matching.  This  can  be  accomplished  by  connecting 
phase  signals  from  adjacent  elements  together.  Specifically,  this  would  in¬ 
volve  distributing  the  locally  generated  oscillator  signal  to  neighboring  mod¬ 
ules,  each  of  which  will  then  input  this  signal  to  a  phase  comparator.  The 
signal  is  an  RF  signal,  but  a  very  low  power  RF  signal  and  requires  no  mod¬ 
ulation.  Signals  from  mutiple  neighbors  can  be  selected  with  a  multiplexer, 
or  using  multiple  phase  comparators.  During  a  calibration  phase,  each  ele- 
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ment  would  in  this  way  measure  the  relative  phase  between  itself  and  its  four 
neighbors,  and  calculate  a  phase  correction  to  bring  them  in  phase.  After 
a  few  iterations  of  this  phase  correction,  all  modules  would  converge  on  a 
common  zero  phase  without  the  need  for  any  matched-length  cabling  of  the 
reference  signal.  The  level  of  phase  calibration  needed  is  directly  related  to 
the  side  lobe  level  that  can  be  tolerated.  For  example,  quantization  error  at 
6  bits,  or  one  degree  of  phase  error,  yields  side  lobes  at  -32dB. 

4.1.5  Issues  for  Wide-Band  Systems 


For  wide-hand  beam  steering,  the  issue  of  true-time  delay  vs.  frequency- 
dependent  phase  shift  (see  Section  3.2)  must  be  addressed.  If  different  fre¬ 
quencies  correspond  to  independently  steered  beams,  than  implementing  in¬ 
dividual  phase  shifts  is  a  natural  choice.  For  an  intrinsically  broad-band 
signal,  where  all  the  frequencies  would  be  steered  in  a  single  beam,  true  time 
delay  would  be  preferable.  For  either  of  these  approaches,  it  is  better  to  con¬ 
vert  the  signal  to  digital  first  and  do  all  of  the  steering  in  the  digital  domain. 
The  same  organization  described  above  would  be  used,  but  with  the  phase 
shift  setting  for  each  element  set  to  zero.  The  IF  (or  baseband)  signal  would 
then  be  digitized  and  either  delayed-requiring  an  interpolation  filter  to  get 
sub  sample-time  resolution  -  or  split  into  sub-bands  -  with  a  polyphase  filter 
bank. 

4.2  Full  Digital  vs.  Intermediate  Beam  Forming 

Pure  "software  controlled  RF  systems,"  that  is  full  digital  control  of 
the  waveform  applied  to  each  element  of  the  array,  for  multi-function  phased 
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array  is  a  compelling  concept.  It  would  allow  the  direct  generation  of  simul¬ 
taneous  beams  with  adaptive  beam  shaping,  overcome  many  limitations  of 
analog  hardware  for  wideband  signals,  and  allow  new  applications  such  as 
pulse-chasing  receive  beams  [21].  The  implementation  is  illustrated  schemat¬ 
ically  in  Figure  12.  It  is  clear  that  digital  conversion  speeds  (ADC  and 
DAC)  are  an  important  issue  in  the  feasibility  of  such  a  design  for  use  at 
high  frequencies.  Less  obvious,  but  equally  challenging,  is  the  issue  of  data 
transmission  from  the  front  end  to  the  CPU  (labeled  as  COTS  processor  in 
Figure  12). 


Figure  12:  Block  diagram  of  a  notional  full  digital  phased  array  architecture. 
The  power  amplifiers  (on  transmit)  and  low-noise  amplifiers  (on  receive) 
would  be  the  only  analog  circuits  at  the  aperture.  Figure  from  Reference 

[89]. 
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4.2.1  Alternative  approaches  to  fast  ADC  and  DAC 


Obtaining  high  resolution  in  signal  conversion  will  be  important  when 
mixed  signals  of  different  strength  are  present,  or  when  signals  are  obscured 
by  noise  or  jamming.  As  noted  above,  obtaining  higher  resolution  is  increas¬ 
ingly  difficult  at  high  conversion  rates.  A  further  complication  arises  when 
digital  to  analog  conversion  (DAC)  is  needed  at  a  very  high  data  rate  and  at 
high  power,  e.g.,  for  high  power  transmissions  from  a  wideband  aperture.  In 
addition  to  the  approach  of  developing  faster  transistors,  there  are  a  number 
of  clever  design  approaches  that  can  be  used  in  obtaining  higher  conversion 
rate  and  resolution  [22]. 

The  AS  DAC  design  comes  from  a  desire  to  provide  higher  resolution  in 
the  DAC  output  than  is  allowed  by  the  number  of  bits  in  the  converter.  For 
example  one  may  have  an  8-bit  DAC  that  has  sufficient  accuracy,  but  16-bit 
resolution  is  needed.  This  is,  for  example,  the  case  in  using  the  digital  bit 
stream  from  a  compact  disc  (CD)  to  provide  analog  signals  to  drive  analog 
amplifiers  and/or  speakers  in  music  audio  systems.  The  trick  is  to  run  the 
DAC  at  a  much  faster  speed  than  the  maximum  frequency  response  of  the 
system  one  is  driving  with  the  analog  output.  In  this  situation  the  DAC  can 
be  dithered  between  low  resolution  levels  to  produce  a  higher  resolution  after 
averaging  the  DAC  output.  A  simplified  AS  DAC  block  diagram  is  shown 
in  Figure  13.  In  this  concept  the  feedback  loop  is  run  many  times  faster 
than  the  desired  input  value  changes,  so  that  the  output  shown  in  Figure 
14  changes  many  times  between  changes  in  the  desired  value  as  provided  at 
the  input.  However,  these  many  changes  between  the  low  resolution  values 
of  the  DAC  output  allow  the  average  (over  the  time  scale  of  the  input  signal 
changes)  to  become  much  closer  to  the  desired  value  than  the  resolution  of 
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the  DAC.  This  operation  is  shown  in  Figure  14.  The  desired  value  in  this 
example  is  1.62V.  Note  how  the  DAC  dithers  between  the  allowed  values  of 
1  and  2  to  reach  1.62  on  average. 


Figure  13:  Simplified  block  diagram  of  a  AE  DAC.  In  a  basic  AE  modulator, 
the  desired  output  value  is  applied  to  the  summing  junction  along  with  the 
actual  output.  This  delta  value  is  added  to  the  integrator  value  (sum)  and 
applied  to  the  quantizer.  After  Wescott  [24]. 


The  AE  DAC  concept  works  well  and  is  commonly  used,  especially 
in  producing  analog  audio  from  digitally  coded  sound,  e.g. ,  CD  players  and 
iPods.  However,  the  control  loop  rate  is  many  times  higher,  typically  64  times 
faster  than  the  input  digital  data  stream.  The  control  loop  cycle  rate  being  64 
times  faster  than  the  input  rate  is  referred  to  as  64  times  oversampling.  This 
is  no  problem  at  audio  frequencies  where  the  maximum  output  frequency  does 
not  exceed  about  20  kHz  and  the  Nyquist  sampling  rate  is  about  40  kHz.  The 
sampling  rate  of  the  control  loop  is  then  64  x  40  kHz  or  a  few  MHz  -  easily 
done  in  inexpensive  electronics.  The  output  of  such  a  DAC  is  very  linear  and 
yields  very  high  quality  audio  with  very  little  intermodulation  distortion.  All 
the  switching  at  high  frequencies  produces  noise,  but  at  frequencies  much 
higher  than  the  operating  band.  A  low-pass  filter  typically  follows  the  AE 
DAC  output  to  eliminate  the  high  frequency  noise.  Schreier  and  Themes  [23] 
provide  a  full  discussion  of  AE  DAC's  and  ADCs  as  well  as  applications. 
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Figure  14:  Output  of  AE  DAC  showing  how  the  average  value  of  the  DAC 
output  approaches  the  desired  value  when  the  average  is  taken  over  the  time 
scale  of  the  input  (desired)  signal  changes,  i.e. ,  over  many  cycles  of  the  control 
loop.  The  desired  output  is  1.625,  and  the  DAC  dithers  between  1  and  2  to 
reach  this  average  value.  High  and  low  portions  of  the  cycle  are  spread  out 
as  much  as  possible.  This  means  that  whatever  the  DAC  is  driving  should 
have  a  much  slower  response  to  the  variations  in  the  DAC  output  than  the 
control  loop  cycle  time.  After  Wescott  [24]. 

It  is  tempting  to  apply  these  techniques  to  high-frequency  data  con¬ 
version.  However,  if  the  maximum  frequency  of  the  signal  we  are  trying  to 
produce  is  say  10  GHz,  oversampling  of  64  X  would  require  a  control-loop 
operating  at  640  GHz  -  a  very  difficult  proposition  at  present  (see  Figure 
11).  However,  in  principle,  the  oversampling  rate  and  the  conversion  noise 
can  be  held  down  by  using  a  higher  order  AE  scheme,  such  as  shown  in  Fig¬ 
ure  15.  We  point  out  that  orders  higher  than  two  can  not  be  done  by  simply 
adding  more  stages  as  in  Figure  15a,  but  use  low  pass  filters.  Fifth  order  AE 
schemes  are  commonly  used  in  audio  frequency  equipment.  In  Figure  15b  we 
show  an  estimate  of  the  impact  of  both  the  order  of  the  DS  scheme  and  the 
oversampling  factor.  The  point  is  that  higher  order  DS  schemes  allow  one 
to  achieve  respectable  signal  to  noise  ratios  with  oversampling  rates  that  are 
much  lower  than  the  typical  factor  of  64. 

Another  approach  to  increasing  resolution  is  the  use  of  interleaved  con¬ 
version  structure,  which  has  had  substantial  success  in  the  development 
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Figure  15:  a.)  Schematic  block  diagram  of  a  2nd  order  AS  modulator.  Note 
the  two  feedback  loops.  Although  an  ADC  is  shown,  the  DAC  is  analo¬ 
gous.  After  Beis  [25].  b.)  Conversion  signal  to  noise  ratio  as  a  function  of 
oversampling  rate  and  order  of  the  AS  structure.  After  Beis  [25]. 
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of  wideband,  software  defined  test  instruments.  Here,  a  number  of  low- 
resolution  converters  are  run  in  parallel  with  a  calibrated  time  offset  and  a 
common  offset.  If  requirements  on  the  spectral  purity  of  the  signal  conver¬ 
sion  are  low,  simple  implementation  of  this  approach  can  be  quite  successful. 
However,  in  phased-array  techniques  where  signal  identification  occurs  in  the 
frequency  range,  careful  calibration  and  correction  of  the  parallel  converters 
is  needed  to  obtain  the  spurious-free  dynamics  range  (SPDR)  needed.  Rod- 
well  and  coworkers  [22]  accomplished  this  using  finite-impulse-response  (FIR) 
filters,  with  the  results  shown  in  Figure  16. 


irq 


Figure  16:  Effects  of  calibration  and  correction  on  time-interleaved  analog- 
to-digital  conversion  on  a  prototype  14  bit  400  MSPS  ADC.  Peaks  labeled 
X,Y,Zare  respectively  Ist-order,  2nd-order,  and  3rd-order  gain/time  spurs. 


These  and  related  advanced  architectures  involve  substantial  increases 
in  design  complexity,  and  in  many  cases  also  involve  extensive  digital  process¬ 
ing  for  correction  and  calibration.  Substantial  research  investment  in  such 
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approaches  should  be  balanced  with  on-going  evaluation  of  the  trade-offs  in 
performance  and  cost. 


4.2.2  Data  Transmission 


In  the  design  architecture  presented  in  Figure  10,  the  digital  signal  gen¬ 
erated  at  each  element  of  the  receive  module  was  combined  at  the  array  and 
sent  as  an  I-Q  digital  signal  (carried  on  the  array)  down  to  the  radio  room 
as  shown  schematically  in  Figure  17.  The  major  factor  in  deciding  to  sum 
signals  at  the  array,  and  thus  loose  the  full  phase  information,  is  the  cost  of 
transmitting  all  the  individual  receive  module  signals  to  the  control  room. 


Figure  17:  Schematic  illustration  of  two  limiting  choices  for  transmitting 
array  data  to  the  central  processor  in  a  receive  array.  In  one  case,  beam 
forming  is  done  prior  to  transmission.  In  the  other  case  all  the  individual 
waveforms  are  transmitted  in  parallel  and  beam  forming  is  done  in  the  CPU. 
The  issues  for  a  transmit  array  are  similar,  with  the  summation  replaced  by 
power  splitting. 


The  cost  trade-offs  can  be  illustrated  with  some  simple  estimates,  as 
follows.  Combining  the  signals  from  the  elements  for  a  narrow-band  beam 
costs  a  complex  multiply-add  per  element/sample.  For  a  10^  element  array 
at  200  MHz  we  have  -  8  ops/el  samp  x  10^  elements  x4  x  10*  samples/s  = 
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1.6  X  10^^  -  or  a  requirement  of  just  under  4  Tops/s.  This  can  be  accom¬ 
plished  with  20  high-performance  processing  chips  (e.g.,  Stream  Processors) 
for  about  $2K.  The  resulting  single  channel  stream  of  1  and  Q  samples  is 
then  12  b  x2  X  4  X  10^  =  9.6  Cb/s,  which  can  easily  be  sent  down  to  the 
radio  room  on  a  single  lOCb/s  fiber  at  a  cost  of  about  $1K.  Thus  the  total 
cost  is  about  $2K  of  processing  and  $IK  of  communication. 

On  the  other  hand,  if  all  of  the  element  feeds  are  transmitted  separately, 
then  each  will  require  a  $IK  optical  communication  link  for  a  total  cost  of 
$IM  (for  10^  elements).  These  cost  numbers  are  rough  estimates  to  within 
a  factor  of  ~  2,  but  the  result  is  still  clear:  it  is  much  more  cost-effective  to 
combine  elements  at  the  array  and  have  a  single  output  per  channel  than  to 
try  to  provide  an  output  per  element  x  channel.  Power  considerations  will 
also  favor  this  solution,  since  the  power  dissipation  of  10  processing  chips, 
100-200W,  is  much  less  than  the  power  of  10^  fiber  transceivers- at  least 
IkW. 


The  analysis  of  the  two  limiting  model  cases  presented  above  is  based 
on  the  use  of  the  present  10  Cb/s  telecommunications  standards  for  serial 
links.  Higher  data-rate  standards,  with  40  -  50  Cb/s  data  rates  [26  ,  27]  are 
nearing  commercialization.  Commercial  pressures  should  bring  down  costs 
and  improve  performance  with  respect  to  integration  and  power  dissipation, 
making  this  an  attractive  technology  for  use  in  multi-function  array  archi¬ 
tectures.  Whether  this  will  significantly  change  the  cost  balance  for  beam 
forming  at  the  array  vs.  in  the  central  processor  remains  to  be  seen. 

Note  that  in  this  model  for  the  architecture,  the  bulk  of  the  beam¬ 
forming  algorithm  -  the  part  that  computes  the  weights  (narrow  band)  or 
delays  (wide-band)  remains  in  the  radio  room  and  sends  the  weights  and 
delays  up  to  the  array  via  fiber.  For  some  algorithms,  in  particular  those 
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responsible  for  dynamic  error  correction,  calibration  and  predistortion  (see 
following  section),  a  part  of  the  algorithm  may  need  to  run  at  the  array 
-  to  compute  on  the  raw  data  before  combining.  This  will  increase  the 
computational  demand  at  the  array,  leading  to  designs  with  larger  signal 
processing  capabilities  near  the  front  end.  Given  decreasing  costs  for  signal 
processors,  this  is  likely  to  be  a  favorable  design  choice.  It  has  the  additional 
benefit  of  increased  redundancy  in  the  operation  of  multiple  arrays. 

4.3  Commercial  Drivers 

The  ability  to  steer  multiple  different  signals  at  different  frequencies,  to 
move  rapidly  between  signals  at  different  frequencies,  or  to  deal  with  steering 
a  single  extremely  wide  band  signal  are  all  technical  needs  (see  Table  1  in 
Section  2)  of  the  Integrated  Topsides  program.  Addressing  these  issues  with 
simple  extrapolation  of  traditional,  analog  active  phased  array  architectures, 
as  discussed  in  Section  3,  leads  to  serious  problems  due  to  amplifier  linearity 
and  efficiency,  cost,  and  concerns  about  cross-talk  and  intermodulation  for 
parallel  analog  signals.  Alternative  architectures,  based  on  the  digital  sig¬ 
nal  processing  capabilities  of  CMOS,  as  in  the  examples  in  Section  4.1 ,  offer 
promising  new  approaches  to  some  of  these  issues.  These  include  lower  cost 
for  front-end  electronics  that  allow  parallel  processing  of  different  frequency 
bands,  and  the  possibility  of  digitization  early  in  the  receive  (or  late  in  the 
transmit)  path.  Serious  remaining  issues  are  the  bandwidth  of  the  signal  to 
be  handled,  and  the  difficulties  of  fast  analog/digital  conversion  when  a  large 
dynamic  range  is  needed.  Increasing  pressures  on  availability  of  commercial 
spectrum  are  leading  to  substantial  commercial  investments  in  using  broad¬ 
band  signals.  The  commercial  developments  of  particular  relevance  are  the 
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802.11  standards  for  local  area  networks  (2.4  and  5  GHz  bands),  the  recent 
FCC  decision  to  allow  intentional  low-power  emissions  in  the  3.1-  10.6  GHz 
region,  and  the  commercial  developments  in  multiple  -input/multiple-output 
(MIMO)  for  reducing  multipath  and  increasing  transmission  efficiency.  The 
relationship  of  these  subjects  to  wideband  phased  array  architectures  is  dis¬ 
cussed  in  the  following  section.  An  example  of  an  emerging  commercial 
technology  using  SiGe  BiCMOS  is  then  presented. 

4.3.1  Multi-band,  Ultra-Wide  Band  and  Multiple-InputjMultiple- 
Output 


The  orthogonal  frequency  division  multiplexing  (OFDM)  used  in  the 
802.11  standard  provides  an  example  of  information  transmission  using  mul¬ 
tiple  parallel  frequencies.  Specifically,  sampling  rate  is  reduced  in  OFDM 
by  dividing  the  data  stream  into  a  number  of  lower-rate  channels  that  are 
then  stacked  in  frequency.  In  802.11a,  the  wide  frequency  band  from  5.15  to 
5.825  GHz  is  subdivided  into  channels  of  20  MHz  width,  each  of  which  can 
carry  a  power  from  40mW  to  800mW  (compare  Table  1  in  Section  2).  Each 
channel  is  then  further  subdivided  into  300  kHz  bandwidth  sub-carriers  that 
transmit  a  coded  stream  of  data.  The  300  kHz  band  width  allows  inexpensive 
ADC/D  AC  and  digital  processing.  Implementation  has  been  demonstrated 
in  RF  CMOS,  for  instance  in  the  Atheros  AR5006  [28],  which  has  a  data 
rate  to  108  Mb/s.  The  commercial  developments  of  OFDM  demonstrate  the 
power  of  using  CMOS  digital  signal  processing  (DSP)  to  generate  or  decode 
hundreds  of  separate  channels  simultaneously.  A  conceptual  architecture  for 
adaptation  of  this  concept  for  high-data-rate  satellite  communications  in  4- 
channels  at  622  Mb/s  is  shown  in  Figure  18  [29].  This  type  of  architecture 
could  clearly  be  used  to  in  both  transmit  and  receive  for  signals  covering  a 
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wide  range  of  frequencies.  While  issues  of  co-channel  and  adjacent  channel 
interference  must  always  he  addressed,  these  are  well -recognized  problems 
that  can  be  predicted  with  existing  engineering  codes. 


m 


Figure  18:  Architecture  for  a  four-channel  fast  communications  system  us¬ 
ing  OFDM  concepts.  The  basic  OFDM  waveform  is  constructed  by  dividing 
an  incoming  data  stream  into  four  channels,  encoded  and  modulated.  On 
receive,  each  channel  undergoes  discrete  Fourier  transform  (DFT),  creating 
a  digital  label  for  each  complex  component  of  the  signal,  these  are  further 
translated  into  amplitudes  in  the  polyphase  filter.  Summation  of  the  compo¬ 
nent  signals  occurs  in  the  (multiplexier)  MUX.  On  transmit,  noise  corrupts 
the  amphtudes  extracted  from  the  ADC  and  DEMUX  and  the  polyphase 
filtering  must  be  designed  to  match  the  ADC  process. 


Expanding  bandwidth  even  further,  as  a  way  of  more  efficiently  exploit¬ 
ing  spectrum,  is  a  major  goal  of  Ultra-Wide  Band  technology  [30,  31].  The 
FCC  has  recently  given  permission  for  low-power  transmissions  (e.g.,  below 
the  noise  limit  of  existing  allocations)  in  the  3.1-  10.6  GHz  frequency  range. 
Utilization  of  the  low-power  transmissions  involves  switching  data-streams 
among  different  500  MHz  wide  bands  so  that  on  average,  no  individual  band 
exceeds  the  power-limit,  and  transmit  and  receive  signal  processing  is  lim- 
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ited  to  the  smaller  bandwidth.  Switching  among  various  500  MHz  bands 
could  be  accomplished  by  switching  the  local-oscillator  frequency  (LO)  used 
for  the  up-conversion.  As  discussed  in  Section  4.1.2,  this  could  be  accom¬ 
plished  relatively  easily  in  CMOS  by  the  use  of  variants  of  Gilbert  cell  mix¬ 
ers,  and  phased  lock  loops  to  generate  the  different  LOs."^  Thus,  multiple 
500  MHz  bands  could  be  combined  in  the  same  transmit/receive  module 
(TRM),  subject  to  the  bandwidth  of  the  LNA  or  PA.  Development  of  ultra- 
wide-bandwidth  amplifiers  over  the  3-10  GHz  range  using  multiple  band-pass 
Chebyshev  filters  has  been  demonstrated  in  CMOS  [32],  and  continuing  de¬ 
velopment  is  motivated  by  the  expected  commercial  applications  in  UWB 
[33].  As  UWB  products  gain  market  share,  the  related  technology  develop¬ 
ments  can  increasingly  be  exploited  for  Integrated  Topsides. 


Figure  19:  Illustration  of  MIMO  concepts  a)  signal  propagation  with  multi- 
path  interference  can  be  exploited  to  improve  signal  transmission  in  config¬ 
uration  with  multiple  antennas,  figure  courtesy  of  S.  Simon  of  Lucent  [34]. 


4It  is  significant  to  note  that  complementary  oscillators  can  be  made  to  exhibit  superior 
phase  noise  properties  (for  a  given  resonator  Q  and  power  budget).  CMOS  has  this  prop¬ 
erty,  whereas  bipolar  technologies  ordinarily  do  not  provide  true  complementary  devices. 
So,  for  the  VCO  inside  the  PLL,  a  CMOS  implementation  would  be  attractive. 


49 


The  use  of  multiple  antennas  on  both  transmit  and  receive  has  gained 
increasing  attention,  first  because  of  its  potential  increased  transmission  rates 
by  exploiting  multipath  [34],  as  illustrated  in  Figure  19.  Substantive  signal 
processing  is  used  to  achieve  the  gains.  More  straightforward  benefits  of 
MIMO  can  be  achieved  using  the  concepts  of  beam  forming  [35].  Even  rudi¬ 
mentary  beam-steering  is  of  substantive  commercial  interest  because  of  the 
potential  to  increase  directional  power  transmission,  and  reduce  interference 
in  RF-crowded  environments.  Increasing  sophistication  of  beam-forming  ap¬ 
plications  is  expected  in  the  future  in  commercial  RE  products,  for  instance 
in  wireless  connections  for  lap-top  computers  and  in  vehicular  radar.  This  in 
turn  will  provide  market  drivers  for  low-cost  beam-forming  architectures  and 
approaches.  It  is  quite  reasonable  to  expect  that  the  oversampling  techniques 
that  work  well  at  the  lower  frequencies  relevant  to  digital  image  processing 
[36]  and  Ultrasound  Imaging  [37]  will  be  evaluated  for  their  potential  com¬ 
mercial  uses  in  RE  front  ends  [38] ,  including  the  demanding  implementation 
for  beam  forming  [see  Appendix  D]. 

4.3.2  Commercial  RF-CMOS 


While  the  examples  of  RF-CMOS  discussed  in  Section  4.2  were  in  the 
research  and  early  development  stage,  it  is  important  to  realize  that  fieldable 
products  for  high-end  applications  have  already  been  developed.  An  example 
is  a  program  by  the  Intelligence  Technology  Innovation  Center  (ITIC)  to 
develop  highly  integrated  broad-band  RFICs  for  reconfigurable  radios  [39]. 
In  a  one-year  development  program,  they  were  able  to  bring  a  successful 
product  to  completion.  The  circuit  consists  of  four  of  the  units  illustrated  in 
Figure  20,  and  has  a  fabrication  cost  of  ~  $200  per  chip.  With  larger-volume 
production,  it  is  likely  to  be  possible  to  bring  per-chip  cost  down  to  $50. 
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Figure  20:  Receiver  plus  transceiver  unit  for  operation  over  100  MHz  to  3GHz 
receive  and  1. 1-2.2  GHz  on  transmit.  Fabricated  in  0.18/rm  SiGe  BiCMOS. 
Receiver  includes  LNA  with  up  to  25  dB  gain,  two  doubly  balanced  mixers, 
with  a  combined  noise  figure  <1.8  dB.  Transceiver  includes  a  20  dBm  PA 
with  output  power  of  100  mWand  a  transmit  gain  of  40  dB.  Figure  courtesy 
ofITIC  [39]. 


The  full  circuit  includes  both  RF  (shown  in  Figure  20)  and  baseband 
circuits.  The  base  band  gain  control  is  applied  with  variable  gain  amplifiers 
(20  dB  gain,  BB  in  Figure  20)  and  a  WCDMA  filter  (46  dB,  not  shown)  con¬ 
trolled  by  a  digital  stream  through  a  serial  interface  circuit.  The  bandwidth 
can  be  varied  from  100  MHz  to  300  MHz,  and  frequency  tuning  is  controlled 
by  DSP  on  the  output  signal  with  feedback  to  the  filter  tuning  control  in¬ 
puts.  The  output  of  the  receiver  (input  to  the  transceiver)  is  converted  at 
8  bits  resolution  with  on-board  ADC  (DAC).  The  specifications  for  one  (of 
the  three  available)  receiver  designs  is  shown  in  Table  2. 

The  circuits  were  fabricated  in  0.18  /rm  SiGe  BiCMOS.  The  choice  of  the 
materials  and  design  format  were  dictated  by  the  requirement  for  broad-band 
performance  and  low  noise  (see  Section  4.1).  The  present  design  is  readily 
adaptable  to  frequencies  up  to  10  GHz,  and  the  transmit  power  could  rea- 
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Table  2:  Performance  specifications  for  the  receive  channel  of  the  RFIC 
circuit.  Figure  courtesy  of  ITIC  [39]. 
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sonably  be  increased  to  IW  per  channel,  appropriate  for  all  the  applications 
in  Table  1  except  AAW.  Adaptation  of  such  circuits  in  environments  where 
jamming  or  weak/strong  signal  mixes  are  significant  could  be  addressed  by 
rapid  time  multiplexing  over  the  frequency  bands,  or  by  implementing  par¬ 
allel  hardware  channels  with  static  or  programmable  frequency  filters. 


4.4  Active  Correction  of  Nonlinearity 

4.4.1  Introduction 


A  well-known  problem  in  RF  communications  is  the  inefficiency  of  highly- 
linear  amplifiers,  such  as  Class  A  amplifiers,  which  may  have  efficiencies  of 
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only  a  few  percent  in  their  linear  range.  Efficient  amplifiers,  as  in  Class  D,  on 
the  other  hand,  may  have  non-linearities  that  create  intolerable  distortion.  In 
such  cases,  pre-distortion  techniques  are  used  to  undo  the  non-linearities,  sup¬ 
posing  that  some  sort  of  knowledge  of  the  non-linearities  is  available  through 
tests  such  as  measuring  the  distortion  of  a  known  signal  with  two  or  more 
tones.  There  is  a  long  history  of  analog  pre-distortion  techniques,  but  with 
the  advent  of  faster  and  cheaper  computing  power  it  becomes  more  and  more 
interesting  to  consider  digital  pre-distortion,  in  which  the  operations  needed 
to  undo  distortion  are  calculated  digitally.  Moreover,  analog  pre-distortion 
methods  are  complex  and  do  not  scale  well  in  size  as  other  RF  components 
get  smaller. 

This  is  not  the  place  to  go  into  great  detail  about  digital  pre-distortion, 
but  we  consider  some  general  features  of  intermodulation  (IM)  distortion 
in  a  bandpass-limited  system  with  memory  that  may  well  be  amenable  to 
digital  calculation,  depending  on  the  system  bandwidth.  We  only  consider 
the  problem  of  in-band  distortion,  although  mixing  of  two  signals  in  different 
bands  can  well  lead  to  unwanted  signals  in  a  third  band  (see  Section  5.1.1). 

There  is  a  good  deal  of  current  interest  in  digital  pre-distortion,  with 
several  solutions  available  for  memoryless  models,  that  is,  models  where  the 
output  So(t)  at  a  given  time  t  is  a  simple  polynomial  function  of  the  input 
Sl(t)  at  the  same  time: 

So{t)  =  9Si{t)  +  eSi{tf  +  ....  (4-1) 

(Of  course,  many  other  terms  may  be  present;  we  only  write  a  cubic  term, 
which  has  in-band  non-linearities  such  as  IM  distortion;  a  quadratic  term 
leads  to  out-of-band  effects.  Only  odd  powers  of  SI  contribute  to  in-band 
non-linearities.)  Algorithms  for  distorting  the  input  so  that  the  output  is 
linear  in  the  input  usually  involve  a  lookup  table  for  properties  of  the  non- 
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linearity,  such  as  the  strength  e,  with  some  simple  processing  to  invert  Eq.  (4- 
1).  An  example  is  [40].  Since  it  may  happen  that  accurate  and  efficient 
removal  of  IM  distortion  involves  taking  into  account  of  the  memory  of  the 
hardware  amplifier  (so  that  its  output  depends  non-linearly  not  only  on  the 
input  at  output  time  but  also,  through  a  convolution,  the  input  at  prior 
times),  we  discuss  in  a  very  general  way  how  one  might  approach  digital 
pre-distortion  in  band-limited  systems.  The  main  point  is  that  in  a  band- 
limited  system  one  has,  in  effect,  automatic  discretization  of  time  through 
Nyquist  sampling,  and  this  discretization,  plus  a  corresponding  discretization 
in  frequency  space,  allowing  the  use  of  fast  Fourier  transforms,  is  suited  for 
digital  manipulation. 

An  interesting  subclass  of  these  in-band  problems  is  the  IM  distortion 
produced  in  a  phased-array  antenna  broadcasting  two  or  more  signals  in  the 
same  band  but  on  different  beams  (see  Section  5.1.1).  In  some  cases  it  may 
be  necessary  to  reduce  the  IM  distortion  substantially  below  the  expected 
strength  of  one  beam's  sidelobe  in  the  main  lobe  of  another  beam.  These 
multiple  signals  are  usually  characterized  by  essentially  sinusoidal  wave  forms 
of  about  the  same  frequency  with  stable  and  well-known  phase  shifts  between 
different  beams.  This  raises  the  prospect  that  digital  pre-distortion  can  make 
very  effective  use  of  the  known  signal  characteristics,  especially  the  different 
phase  shifts.  We  know  of  no  existing  treatment  of  this  problem,  although  it 
may  well  exist;  we  give  a  brief  discussion  of  the  general  principles  of  phase 
manipulation  to  conclude  this  chapter.  Here,  to  simplify  things,  we  assume 
a  memoryless  model  of  the  type  of  Eq.  (4-1). 
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4.4.2  A  bandpass-limited  model  with  memory 


Consider  a  system  with  bandwidth  B ,  so  that  every  signal  that  can  be 
input  to  or  processed  within  this  system  has  the  form 


f(t)  =  -^  [  dwe-iwtf(w) 
2tt  J-n 


(4-2) 


where  (2  =  27rS.  There  is  no  need  to  demand  that  f(t)  be  real,  which 
would  require  j*(w}  =  J(-  w).  Instead,  we  take  it  that  f(t)  is  represented 
as  /  +  iQ,  where  /  and  Q  are  the  real  in-phase  and  quadrature  parts.  The 
spectral  function  j(w}  can,  for  a  bandpass-limited  signal,  be  written  as  a 
Fourier  sum: 

~  2‘niNu, 

f(w)  =  ^fNexp[  ^].  (4-3) 

-oo 

The  Nyquist  sampling  theorem,  following  from  using  Eq.  (4-3)  in  Eq.  (4- 
2),  tells  us  that  in  such  a  case  an  alternative  form  for  f(t)  is 

that  is,  the  function  can  be  exactly  reconstructed  by  sampling  at  the  Nyquist 
rate  2B.  In  deriving  this  result,  one  uses  the  relation 


In  =  (-) 


(4-5) 


Consequently,  the  Eourier  series  expansion  of  the  spectral  function  Jiw), 
Eq.  (4-3),  is  a  series  representation  of  this  spectral  function  in  terms  of  the 
Nyquist-sampled  time  values  of  the  function  f(t} .  A  signal  that  vanishes 
identically  for  t  <  0  is  one  whose  discrete  Eourier  series  has  only  terms  with 
N>0. 

We  use  a  Volterra  model,  which  is  a  general  representation  for  systems 
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with  memory  [41].  In  Fourier  space  the  Volterra  model  becomes: 

1  N  ~  ~  ^ 

So(w)  =  ^  9/^-1  J_^II[dwiSI(wi)]HN(wl"'  .ujn)5{u;  -  (4-6) 

Here  S(0,l)(w)  is  the  Fourier  transform  of  the  output  (0)  or  input  (I)  signal 
and  HN(Wr  ..  WN))  is  the  Fourier  transform  of  the  Nth  Volterra  kernel;  the 
5-function  is  the  Dirac  delta  function.  These  non-linearities  would  appear 
to  extend  the  bandwidth  of  the  output  to  -  NO,  <  w  <  NO,  for  the  Nth 
kernel,  but  the  system,  by  hypothesis,  is  only  capable  of  dealing  with  signals 
within  the  A/  =  1  band,  and  so  we  will  impose  this  constraint  on  Eq.  (4-6). 
We  therefore  limit  our  attention  to  in-band  IM  distortion,  which  must  be 
reduced  when  a  strong  and  a  weak  signal  appear  in  the  same  band,  as  in  the 
near-far  problem. 

By  substition  of  the  discrete  Fourier  series  of  the  type  in  Eq.  (4-3)  for 
the  various  quantities  with  tildes  in  Eq.  (4-6) ,  it  is  straightforward  to  see  that 
the  result  is  a  version  of  the  original  Volterra  equation  in  the  time  domain, 
but  with  discrete  times  tk,  where  k  is  an  integer  and  tk  =  Ttk/Cl  is  the  Nyquist 
sample  interval.  This  suggests  the  following  strategy:' 

1.  Choose  a  maximum  total  time  over  which  a  bandpass-limited  signal 
will  be  sampled,  and  denote  this  maximum  number  of  samples  as  N,' 
take  this  to  be  an  even  integer.  A  longer  signal  in  time  is  constructed 
by  overlapping  a  number  of  such  length-N  samples,  each  displaced  by 
one  sample  unit  from  the  previous  one. 

2.  Discretize  frequencies  as  well  as  time,  denoting  the  discrete  frequencies 
as 

210, 

wj  =  A5. 

for  integral  j  running  from  -  J\f/2  to  A/'/I.  This  allows  the  use  of  fast 
Eourier  transform  (EET)  technology  at  appropriate  places. 
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3.  Evaluate  the  output  signal  in  terms  of  the  input  signal  by  using  the 
Volterra  model  as  a  sum  over  discrete  time  inputs,  as  discussed  above. 

4.  From  the  evaluation  of  the  output  in  terms  of  the  input  as  in  steps 
1-3,  one  can  invert  the  results  to  find  an  operation  which  equalizes  the 
original  non-linear  system  so  that,  for  example,  a  weak  signal  can  be 
amplified  linearly  even  in  the  presence  of  IM  distortion  from  a  strong 
one.  There  are  standard  techniques  for  doing  this,  for  example,  [42], 
which  we  need  not  discuss  here. 

Suppose  that  the  non-linear  system  has  only  linear  and  cubic  responses, 
and  that  the  issue  is  the  near-far  problem.  The  third-order  problem  to  be 
solved  is  quadratic  in  the  strong  signal  and  linear  in  the  weak  signal.  (In 
such  a  case,  the  work  to  be  done  for  step  4  above  is  a  linear  inversion.)  To 
evaluate  the  Volterra  equation  requires  two  FFTs  and  is  0(N2),  but  every 
update  step  past  the  complete  treatment  of  the  first  N  samples  requires  only 
0(N)  updatings  for  every  sample. 

Just  how  computationally  complex  all  this  might  be  in  practice  is  hard 
to  tell,  but  it  clearly  requires  processing  power  which  is  at  least  N  times 
the  Nyquist  rate,  and  so  is  dependent  on  the  signal  bandwidth.  In  general, 
the  more  bandwidth  one  puts  into  a  single  channel,  the  more  stressing  the 
computational  job,  so  it  makes  sense  to  channelize  shipboard  RF  functions  if 
digital  signal  processing  is  to  be  really  useful,  whether  the  job  is  pre-distortion 
or  something  else. 

It  is  also  worth  noting  that  a  good  scheduler,  somewhat  in  the  style  of 
a  cell-phone  base  station,  can  substantially  relieve  the  load  of  pre-distortion 
digital  processing.  Presumably  time-division  multiple  access  (TDMA)  will 
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be  preferable  to  code-division  multiple  access  (CDMA)  in  dealing  with  non- 
linearities. 

4.4.3  Phase  manipulation 


Consider  a  phased-array  antenna  that  emits  two  sinusoidal  beams  at 
the  same  frequency,  but  with  different  and  known  phase  shifts.  We  take  the 
beams  to  consist  of  a  strong  (label  S)  and  a  weak  (label  W)  beam  so  that 
the  total  input  signal  is  of  the  form 

SI(t)  =  As  sin(wt  -  (j)s)  +  Aw  sin(wt  -  (pw)  (4-7) 

where  the  phases  are  known.  The  weak  beam  could  be,  for  example,  the 
sidelobe  of  another  beam  in  the  main  lobe  of  S. 

Instead  of  going  through  all  the  complications  of  a  Volterra  model  with 
memory,  suppose  that  the  output  signal  from  an  amplifier  of  nominal  linear 
gain  9  has  a  term  which  is  simply  the  cube  of  the  input  signal  as  in  Eq.  (4-1), 
so  that  the  linear  plus  in-band  term  of  0(Aw  )  in  IM  distortion  is 

So(t)  =  Aw  sin(wt  —  (j)w)[9  +  ^  ^  sin(wt  -I-  2(f>s  —  Pw)]  + _ 

(4-8) 

Now  one  wants  to  get  rid  of  the  unwanted  term  with  phase  2(ps  -  (pw,  leaving 
a  remainder  that  reproduces  the  weak  input  signal  except  for  the  gain  factor 
g.  This  can  be  done,  even  if  the  amplitudes  e  and  Aw,s  are  unknown,  by 
(digitally)  multiplying  So  .once  by  a  local  "oscillator"  whose  form  is  propor¬ 
tional  to  sin(wt  +  2ps  -  (pw)  and  low-pass  filtering,  then  multiplying  So  by 
sin(wt  -  pw)  and  low-pass  filtering.  Solving  two  simultaneous  linear  equa¬ 
tions  based  on  these  results  yields  the  necessary  amplitudes  of  the  signals 
with  different  phases  in  Eq.  (4-8) ,  so  that  the  unwanted  part  with  phase 
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205  ■  4>w  can  be  removed  and  the  appropriate  linear  gain  9  applied. 

Of  course,  this  is  a  very  simple  example,  but  it  can  be  generalized  to 
more  complicated  situations;  we  do  not  discuss  that  here. 

4.4.4  Nonlinear  Undistortion 

In  the  development  of  AWA  one  must  maintain  accurate  linearity  of 
the  many  elements  so  that  the  superposition  of  properly  phased  signals  from 
many  sources  can  be  used  to  form  beams  of  interest.  The  individual  ele¬ 
ments,  however,  may  exhibit  nonlinearities  associated  with  the  amplifiers, 
the  solid  state  devices  or  other  sources.  Correcting  these  nonlinearities  is 
often  addressed  using  an  idea  of  pre-distortion  which  shapes  the  input  signal 
to  the  nonlinear  devices  with  the  expectation  that  these  nonlinear  signals 
will  emerge  properly  linear  as  they  depart  the  antenna. 

Here  we  suggest  another  approach  which  uses  signal  processing  at  the 
receiver  to  adjust  for  the  nonlinear  mixing  of  CW  signals  from  the  transmit¬ 
ter.  The  idea  is  to  use  a  set  of  "test  signals"  to  probe  the  transmit,  reflect, 
receive  system  in  a  calibration  mode  to  determine  a  nonlinear  state  space  fil¬ 
ter  whose  weights  can  be  set  in  the  calibration  phase.  These  weights  are  used 
in  the  transmit,  reflect,  receive  mode  and  serve  to  "undistort"  the  signals  as 
long  as  the  system  is  stationary. 

The  formal  setup  is  that  we  introduce  a  signal  s(t)  into  a  device,  a 
nonlinear  device,  which  transmits  an  output  signal  0(t)  =  h(s(t))  where 
h(s)  is  a  nonlinear  function  characterizing  the  unknown  nonlinearities  of  the 
transmitter.  We,  in  effect,  wish  to  invert  the  function  h(s). 

The  state  space  of  a  signal  is  determined  by  more  than  amplitude  and 
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phase  if  the  signal  has  a  nonlinear  source.  The  state  of  the  system  is  deter¬ 
mined  by  the  other  dynamical  variables  operating  on  any  given  input,  DC 
or  other,  and  from  the  measurement  of  a  single  output,  one  may  reconstruct 
a  "proxy"  state  space  which  characterizes  the  signal  source.  This  is  done 
routinely  in  nonlinear  dynamics,  and  the  ideas  carryover  here. 

The  basic  operational  idea  is  that  one  needs  to  sample  the  signal  of 
interest,  call  it  s(t)  as  here,  at  several  locations  in  time  to  determine  how  the 
many  dimensional  state  of  the  signal  source  was  projected  onto  the  signal 
axis  s(t).  One  convenient  way  to  do  this  is  to  form  a  proxy  state  vector  S(t) 
from  the  signal  s(t)  and  its  time  delays  s(t  -  nr)  where  n  is  an  integer  and  r 
is  the  sampling  time  at  which  we  observe  the  signal-one  over  the  sampling 
frequency.  So  one  forms  the  proxy  vector 

S(t)  =  [s(t),  s(t-  r),s(t  -  2r),---,s(t-  (D  -  l)r)] 

where  rand  D  are  determined  in  standard  ways.  Let  us  leave  those  deter¬ 
minations  alone  for  the  minute.  The  proxy  vector  S(t)  has  information  in  it 
about  all  the  other  variables  in  the  nonlinear  system  because  what  happens 
to  the  signal  r  earlier  is  part  of  the  determining  factors  in  the  signal  now.  The 
D  dimensions  tell  us  how  many  earlier  time  delays  we  need  to  characterize 
the  full  state  of  the  system  now. 

The  idea  is  to  construct  the  inverse  of  h(s)  locally  in  the  appropriate 
proxy  space  rather  than  globally  as  is  done  in  conventional  predistortion 
schemes.  This  can  succeed  because  in  those  proxy  spaces  the  description  of 
the  state  is  unambiguous  due  to  projection  as  we  have  essentially  "unpro¬ 
jected"  the  state. 

What  do  we  do  here?  In  the  figure  is  our  problem.  s(t)  enters  the 
transmitter  and  emerges  not  as  s(t)  but  as  o(t)  ^  s(t).  The  state  of  the 
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signal  source  is  characterized,  as  indicated  above  by  the  proxy  vector  S(t), 
but  it  is  also  characterized  by  the  proxy  vector  for  the  output  0(t)  calculated 
in  just  the  same  fashion  using  time  delays  of  the  output.  Since  either  0(t) 
or  S(t)  each  fully  characterize  the  transmitter  nonlinear  operation,  we  can 
write  s(t)  =  g(0(t))  where  g(S)  is  to  be  determined  as  we  shall  show  in 
a  moment,  or  we  can  write  o(t)  =  f(S(t))  .  If,  from  f(S),  we  now  form 
F(t)  =  f(t  -  T),---,f(t  -  (D  -  1)T)]  and  similarly  for  G(t),  then 
0(t)  =  F(S(t))  and  S(t)  =  G(0(t)),  and  they  are  inverse  functions  of  each 
other  in  the  D-dimensional  space. 


To  identify  the  input  to  the  transmitter  which  will  give  s(t),  the  desired 
output,  we  should  do  this: 

1.  from  s(t)  form  the  D-dimensional  vector  S(t). 

2.  using  the  function  g(x) ,  noting  that  9  operates  on  D-dimensional  vec¬ 
tors,  form  g(S).  This  is  a  scalar  function  of  the  proxy  vector  S(t). 

If  we  were  to  form  G(S),  then  after  it  passed  through  the  transmitter  it 
would  produce  f(G(S))  =  S .  This  tells  us  that  the  signal  we  wish  to  present 
to  the  transmitter  is  g(S(t)),  and  for  this  we  need  to  determine  g(x). 

Go  back  to  our  original  problem:,  we  present  s(t)  to  the  transmitter 
and  produce  o(t)  as  output.  These  are  measured  and  recorded  for  a  test 
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set  of  inputs.  Form  the  D-vector  0(t) ,  g(0(t))  =  s(t)  which  we  also  know. 
Now  in  the  D-space,  each  0(t)  has  neighbors,  say  Nb  of  them,  and  each  of 
these  maps  with  the  same  function  g(x}  to  nearby  inputs,  of  them.  Call 
the  neighbors  of  0(t)(r)(t);  r  =  0, 1,---  ,NB;0(0)(t)  =  0(t)  and  s(r)(t);  r  = 
0,  1,  ■■■  NB;s(0)(t)  =  s(t),  all  of  which  satisfy  s(r}(t}  =  g(o(r)(t)). 

We  can  represent,  at  any  time,  the  function  g(x)  as 

M 

m=l 

where  the  functions  are  some  set  of  basis  functions,  that  could  be  poly¬ 
nomials,  defined  on  vectors  x  in  the  proxy  space.  The  coefficients  can  be 
determined  by  minimizing  the  least  squares  expression 
Afs  f  M 

y:  o'(t)  -  Y. 

r=0  m=l 

thus  utilizing  all  the  information  about  the  neighbors  too.  This  determines 
the  function  g{ x)  in  each  past  of  the  D-dimensional  state  space,  and  it  does 
so  locally  in  that  space. 

Now  if  we  are  given  a  new  input  signal  q(t')  and  we  want  to  apply  g(x) 
to  Q(t')  made  in  the  usual  time  delay  way,  we  need  the  g(x)  for  the  region 
of  D-dimensional  space  where  g(x)  operates.  To  locate  this  we  look  for  the 
vector  in  the  training  set  0(t}  closest  to  the  vector  Q(t'}  and  use  the  function 
g(x}  for  the  region  of  D-space  near  0(t)  to  form 

M 

g(Q(t'))  =  Cm(f)0m(Q(f')) 

m-1 

as  the  input  to  the  transmitter.  This  gives  as  output  from  the  transmitter  a 
value  which  is  very  close  to  q(t')  by  construction. 

Determining  the  number  M  of  basis  functions,  the  basis  functions  them¬ 
selves,  etc.,  is  a  matter  of  art  and  requires  some  experimentation. 
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While  the  calculations  are  numerous,  one  can  calibrate  each  element  of 
the  array  in  this  manner  and  preprocess  the  signal  input  to  that  element  so 
that  the  output  is  the  desired  signal  s(t)  at  time  t.  Combining  these  signals 
with  proper  delays  to  form  the  desired  beam  proceeds  as  usual. 

This  procedure  has  been  used  by  the  San  Diego  company,  Chaos  Telecomm., 
Inc. ,  to  determine  the  full  nonlinearity  in  a  DSL  channel  including  impair¬ 
ments  in  the  copper  connecting  the  telephone  office  and  the  customers' 
premises  and  nonlinearities  in  the  amplifiers  at  the  telephone  office.  As  that 
too  is  an  OFDM  problem,  the  methods  may  well  apply  to  undistorting  the 
AWA  signals.  Actually,  Chaos  Telecomm  used  a  clever,  still  proprietary,  im¬ 
plementation  of  the  basic  algorithms  indicated  here  which  allows  real  time 
processing  with  minimal  computing  power. 

4.5  Findings  -  Digital  Waveforming  in  Active  Phased 
Arrays 


The  goals  of  multi-functional  applications,  rapid  adaptation  to  evolv¬ 
ing  technology  opportunities,  and  the  ability  to  react  readily  to  new  threats 
are  best  supported  by  increasing  the  level  of  programmable  (soft  ware  con¬ 
trolled)  function  in  the  system  architecture.  Rapidly  developing  commercial 
technologies  appropriate  to  achieving  these  goals  can  be  adapted  in  the  In¬ 
tegrated  Topsides  Program  with  low  technical  risk. 

•  Commercial  developments  in  RF-CMOS  are  changing  the  design  rules 
that  govern  performance  and  cost  for  the  front  end  electronics  in  low- 
power  phased  arrays.  As  a  result  the  cost-drivers  for  multi-function 
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processing  are  changing  rapidly  with  resulting  opportunities  for  reduc¬ 
tion  in  cost  and  increase  in  digital  control. 

—  Frequency  down-conversion  of  all  the  beams  individually  is  possi¬ 
ble  because  mixers  are  cheap  in  CMOS.  This  eases  the  constraints 
on  ADC  and  DAC  rates  allowing  digitization  of  the  antenna  sig¬ 
nals  before  wave  forming. 

—  Use  of  voltage-controlled  oscillators,  rather  than  expensive  varac¬ 
tors,  to  create  discrete  beam  phase  shifts  is  efficient  in  CMOS. 
Subject  to  careful  design  to  avoid  addition  of  phase  noise,  this 
approach  could  serve  as  coarse  phase  shift  in  arrays  with  large 
number  of  elements,  or  could  be  cascaded  through  consecutive 
groupings  of  elements  to  perform  the  full  phase  shift  function. 

Internal  calibration  of  the  relative  phase  shift  among  elements  is 
possible  within  the  front  end  electronics 

Economies  of  scale  are  necessary  to  realize  the  full  cost  advantage. 
Per-chip  processing  (CMOS)  is  inexpensive,  but  if  custom  designs 
are  required,  the  mask  sets  presently  cost  ~$500k,  and  mask  cost 
will  increase  with  decreasing  length  scale. 

—  SiGe  BiCMOS  has  proven  capabilities  in  production  of  low  noise, 
wide-band  electronics  similar  to  those  needed  for  low-to-moderate 
power  active  phased  array  applications. 

•  Given  the  potential  cost/performance  benefits  of  CMOS-RF  front  ends, 
an  architecture  with  some  combination  of  parallel  transmit/receive  pro¬ 
cessing  elements  for  different  RF  functions  at  different  frequencies,  and 
tunable  front-end  frequency-band  filters  is  likely  to  be  the  most  feasible 
approach  to  wide  band  multifunction  for  low-power  applications. 
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•  The  balance  between  the  optimum  level  of  analog  and  digital  processing 
in  the  control  electronics  will  continue  to  evolve  over  the  next  decade  as 
materials  and  fabrication  technologies  advance.  System  design  should 
remain  flexible  enough  to  support  such  evolution. 

At  present,  full  "software-controlled  RF  systems,"  e.g.,  individual 
synthesis  and  processing  of  the  wave  forms  of  all  the  elements  at 
the  control  room  is  limited  by  the  costs  of  high-rate  data  trans¬ 
mission  and  rates  of  ADCjDAC  at  high  resolution. 

-  The  relatively  low  cost  of  digital  signal  processing  does,  however, 
allow  designs  with  front-end  digital  signal  processing  for  feedback, 
error  correction,  phase  calibration  and  predistortion,  and  should 
substantively  improve  the  performance  that  can  be  achieved  for  a 
given  cost. 
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5  SYSTEM  DESIGN 


The  two  major  cost  drivers  for  active  phased  array  systems  are  RF 
electronics,  discussed  in  the  previous  2  sections,  and  the  overall  system  com¬ 
plexity.  Adding  to  system  design  the  requirements  of  reducing  the  number  of 
apertures,  relieving  electromagnetic  interference,  and  improving  performance 
certainly  increases  the  difficulty  of  the  problem.  In  the  following  we  address 
issues  of  system  design  for  an  Integrated  Topsides  program  in  the  context  of 
controlling  the  costs  associated  with  system  complexity. 

5.1  Antenna  Configuration 

Configuring  active  phased-array  apertures  for  multi-functional  uses  is 
a  problem  of  minimizing  aperture  area  within  the  constraints  of  supporting 
the  diverse  functional  requirements  illustrated  in  Section  2  Table  1.  Two 
specific  issues  that  must  addressed  in  this  problem  are  determining  the  level 
of  "function-sharing"  that  is  feasible  for  a  given  aperture,  and  the  problem  of 
configuring  the  antenna-elements  within  the  apertures  to  support  the  wide 
band  of  frequencies  (2-18  GHz).  The  potential  use  of  analog  beam  steering 
(e.g.,  using  hardware  focusing)  to  minimize  the  complexity  of  the  electronics 
system  is  also  of  possible  interest. 

How  small  the  area  allocated  to  active  phased  array  apertures  can  be 
depends  crucially  on  how  their  multi-function  capabilities  can  be  configured. 
Separation  of  the  transmit  and  receive  arrays  is  needed  for  signal  isolation, 
and  this  approach  was  used  in  the  AMRFC  demonstration.  Beyond  this, 
the  issues  of  how  much  multi-function  can  be  handled  on  the  same  antenna 
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elements  needs  further  technical  analysis  (see  Section  5.1.1  for  a  preliminary 
analysis).  As  suggested  earlier  in  this  report,  separation  of  high-power  and 
low-power  function  is  likely  to  be  a  good  approach  because  of  the  different 
demands  on  the  TRM  amplifiers,  signal  dynamic  range,  and  the  possibil¬ 
ity  of  interference  or  cross-talk.  The  approaches  to  multi-function  apertures 
demonstrated  in  the  AMRFC  test-bed  were  quite  different  for  transmit  and 
receive  arrays.  The  transmit  array  was  divided  into  4  quadrants  of  256  an¬ 
tenna  elements  each.  Four  transmit  waveforms  up  to  1  GHz  in  bandwidth 
were  independently  generated  and  could  be  routed  to  any  or  all  of  the  four 
quadrants.  In  testing,  multiple  functions  were  not  transmitted  simultane¬ 
ously  from  a  single  quadrant.  Instead  individual  functions  were  switched 
between  different  quadrants,  as  illustrated  in  Figure  21.  Switching  was  suc¬ 
cessfully  demonstrated.  Temporal  switching  allows  some  saving  of  aperture 
area,  depending  on  the  duty  cycles  of  the  different  functions,  and  time  multi¬ 
plexing  could  yield  further  improvement  where  the  functional  requirements 
allow  this.  However,  the  greatest  reduction  in  aperture  area  will  occur  when 
multiple  functions  can  be  transmitted  simultaneously  from  the  same  element. 
From  the  successful  integration  of  several  receive  functions  discussed  below, 
it  seems  quite  likely  that  transmission  of  multiple  low-power  signals  is  practi¬ 
cal.  However,  evaluation  and  experimental  testing  of  the  effects  of  combining 
different  transmit  functions  on  the  same  aperture  elements  are  needed. 

On  receive,  the  AMRFC  apertures  are  divided  into  9  subarrays  of  128 
antenna  elements  each.  These  receive  signals  from  these  subarrays  can  be 
processed  in  combinations  of  three,  six  or  all  9  subarrays.  The  receive  mod¬ 
ules  are  distinctly  different  than  the  transmit  modules.  On  receive,  the  signal 
from  each  antenna  element  is  split  into  4  channels,  each  of  which  has  a  sepa¬ 
rate  capability  for  phase-shifting  and  combination.  The  signals  from  the  indi- 
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Figure  21:  AMRFC  transmit  array  configuration.  The  aperture  is  divided 
into  four  sub-arrays  each  of  which  can  be  temporally  switched  among  different 
functions.  Figure  adapted  from  [4]. 


vidual  sub-arrays  can  subsequently  be  routed  to  analog  or  digital  (wideband 
or  narrow  band)  processing  circuits  to  complete  the  beam-forming  process. 
In  testing,  analog  combination  was  used  for  communications  functions  and 
narrow-band  digital  for  navigational  radar.  Functional  receive  was  demon¬ 
strated  for  four  simultaneous  functions ,  three  communications  in  X  and  Ku 
band,  plus  low-power  navigational  radar  in  the  X  or  Ku  band.  These  results 
suggest  that  handling  multiple  functions  simultaneously  should  be  routinely 
achievable  at  low  power  levels.  Issues  of  jamming  or  dynamic  range,  when 
dealing  with  combinations  of  weak  and  strong  signals,  could  be  mitigated  by 
frequency  selection  for  signals  in  different  frequency  bands. 

The  issue  with  configuring  antenna  elements  within  the  array  fundamen¬ 
tally  is  fundamentally  limited  by  the  requirement  that  inter-element  spacing 
be  no  larger  than  |  of  the  wavelength  for  the  highest  frequency  to  be  used, 
and  that  the  width  of  the  aperture  (and  thus  the  number  of  elements  in  the 
aperture)  be  large  enough  to  focus  beams  to  the  desired  narrow  width.  More 
detailed  issues  of  the  exact  design  of  the  antenna  elements  themselves  and 
their  geometrical  distribution  have  higher-order  effects  on  the  array  perfor- 
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mance  [43].  In  the  AMRFC  -  LCS  design  concept,  the  elements  are  uniformly 
spaced  on  a  square  array,  with  apertures  of  different  element  spacing  (2.75 
cm  for  the  4-8  GHz  range,  and  1.0  cm  for  the  8-16  GHz  range).  Given  the 
cost  of  the  transmit/ receive  modules  (one  per  function  or  frequency  band, 
as  discussed  above,  per  antenna  element),  there  is  significant  motivation  for 
creating  sparse  array  designs,  as  illustrated  in  Figure  23.  Such  designs  can 
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Figure  22:  Schematic  illustration  of  two  sparse  array  concepts.  Antenna 
elements  would  be  positioned  at  the  cross-points,  allowing  lower  densities  of 
antenna  elements  for  the  lower  frequency  bands.  Figure  adapted  from  [44]. 
Left:  a  2: 1  architecture,  right:  an  architecture  that  allows  a  finer  gradation 
of  frequency  bands  while  maintaining  a  constant  number  of  elements  at  the 
edge  of  each  subarray. 

give  excellent  beam  shapes  for  the  different  frequencies.  However,  hard- 
configuring  a  specific  sparse/dense  configuration  should  be  avoided,  as  it  will 
reduce  the  potential  for  flexibly  reallocating  array  elements  to  different  func¬ 
tions.  We  recommend  that  initial  choices  for  array  architectures  maintain 
more  flexibility  for  future  evolution.  For  instance ,  the  2:  1  architecture  shown 
in  the  left  of  Figure  23  could  be  designed  with  open  (unpopulated)  antenna 
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positions  at  the  highest  density.  The  population  of  the  array  elements  could, 
for  instance,  involve  full  poplulation  with  antenna  elements  of  the  same  de¬ 
sign,  but  differential  population  with  TRM  of  different  frequency  bands,  or 
it  could  involve  antenna  elements  with  different  designs  optimized  for  differ¬ 
ent  frequency  bands.  More  powerful  designs  are  likely  to  be  possible  using 
optimization  procedures.  One  example  is  the  design  of  fragmented  antenna 
arrays,  for  which  optimization  of  aperture  gain  over  a  broad  frequency  band 
has  been  demonstrated  [46].  In  either  case,  hardware  interface  modularity 
(see  Section  5.4)  would  be  required  to  allow  hardware  reallocation  of  the  an¬ 
tennas  and/or  TRMs,  and  thus  relatively  easy  reconfiguration  of  the  array. 

5.1.1  Spurious  beams  from  multi-function  signals 


A  major  question  in  evaluating  efficiencies  for  multifunction  arrays  re¬ 
mains.  This  is  whether  a  given  set  of  antenna  elements  could  be  used  si¬ 
multaneously  to  generate  multiple  beams  are  transmit.  In  evaluating  this 
possibility,  a  serious  aspect  of  multi-function  arrays  will  be  the  potential  for 
interference  arising  among  signals  generated  simultaneously  on  the  same  (or 
neighboring)  antenna  elements.  As  emphasized  throughout  this  report,  per¬ 
formance  at  the  system  level  is  the  key  performance  criterion.  Nonlinearities 
of  individual  components  or  modules  can  create  harmful  spurious  effects  by 
harmonic  or  intermodulation  distortion  ("spurs")  as  discussed  in  Section  4.4, 
but  their  impact  on  performance  must  ultimately  be  assessed  at  the  system 
level.  In  this  section  we  will  study  spurious  beams  from  an  entire  array  that 
may  be  created  by  spurs  in  the  individual  modules.  It  will  turn  out  that  some 
spurs  do  create  propagating  spurious  main  beams  in  the  antenna  pattern  at 
the  spurious  frequency.  In  contrast  other  spurs  do  not,  essentially  because 
the  would-be  spurious  beam  is  an  evanescent  wave,  and  only  propagates  in 
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some  of  its  own  sidelobes.  This  result  should  be  useful  in  the  design  of  ad¬ 
vanced  arrays  in  which  several  signals  share  a  common  array  (or  a  common 
subarray).  The  importance  for  system  design  is  that  some  spurs  in  individual 
modules  must  be  stringently  controlled,  because  they  do  create  a  spurious 
main  beam,  while  we  may  be  able  to  relax:  the  tolerance  on  other  spurs, 
because  they  do  not  propagate  as  a  spurious  main  beam.  Thereby,  system 
optimization  may  be  easier.  These  considerations  apply  on  both  transmit 
and  receive. 

Consider  a  two-dimensional  planar  array  of  modular  antennas,  suffi¬ 
ciently  closely  spaced  so  as  to  Nyquist-sample  the  waves  under  considera¬ 
tion  (kTd  <  7f,  where  d  is  array  spacing  and  kj  is  the  magnitude  of  the 
component  of  wavenumber  transverse  to  the  plane  of  the  array).  Use  carte¬ 
sian  coordinates  (x,  y,  z)  where  the  array  lies  in  the  xy-plane.  The  array 
will  be  simultaneously  excited  by  one  or  more  main  beams  at  frequencies  wi 
(i  =  1,2,3...)  and  corresponding  transverse  wavenumbers  kj ;  these  signals 
are  assumed  CWo  By  nonlinear  mixing,  a  spurious  signal  will  appear  at  some 
harmonic  or  beat  frequency  w;  for  instance  we  might  have  spurs  at  w  =  2wi 
(second  harmonic) ,  or  at  vr  =  wi  +  W2  —  W3  (third  order  intermodulation). 
At  the  same  time  the  spur  will  have  a  transverse  wavenumber  kj,  which 
would  be  kx  =  2kTi  (second  harmonic)  or  kj  =  kxi  +kT2  -  krs  (third  order 
intermod) ,  for  example. 

Under  what  condition  will  the  spur  w  propagate  as  a  main  beam?  Let 
k^  be  the  component  of  wavenumber  perpendicular  to  the  plane  of  the  array; 
so  k^  k  .  z  where  k  is  3-dimensional  vector  wavenumber  of  the  main  beam, 
and  z  is  the  unit  vector  in  the  z-direction  perpendicular  to  the  array.  Then 
by  the  dispersion  relation  for  a  free  wave,  (w/c)2  =  IkP  =  Ikx  F  +  kl,  we 
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obtain 


k,  =  v'(w/c)"  -  k|  (5-1) 

for  the  wavenumber  in  the  z-direction,  and  the  main  beam  will  propagate 
only  if  kz  is  a  real  number,  i.e.,  if  kr  <  w/c;  here  kj  =  IkTI  denotes  the 
magnitude  of  the  component  of  wavenumber  k  transverse  to  the  plane  of 
the  array.  In  the  opposite  case,  the  main  beam  will  be  "evanescent"  (to 
borrow  a  pleasing  term  from  optics),  that  is,  it  will  die  off  exponentially 
like  exp  (-ZVIkTI2  -  (w/c)2)  in  the  z-direction  perpendicular  to  the  array. 
When  evanescent,  the  main  beam  represents  reactive  near-field  energy,  not 
a  propagating  beam. 

However  the  array  will  have  sidelobes  (as  can  be  computed  by  the 
usual  linear  theory),  and  at  the  spurious  frequency  w,  some  of  the  side- 
lobes  will  propagate  rather  than  being  evanescent.  For  instance,  in  a  simple 
I-dimensional  array  without  taper,  the  propagating  spurious  sidelobes  would 
be  lower  in  amplitude  by  a  factor 

2w  sin  ((ckr  -  w )L/2 ) 

(5-2) 

ckr+w  (ckT—w)L/2 

or  smaller,  compared  to  the  evanescent  spurious  main  beam,  when  kT  >  w/c. 
In  a  detailed  analysis,  effects  of  the  spurious  sidelobes  would  also  have  to  be 
considered. 

Now  we  turn  to  the  properties  of  the  actual  spurs,  and  to  the  question  of 
whether  the  corresponding  spurious  main  beams  are  propagating  or  evanes¬ 
cent.  Nonlinearities  in  the  modules  can  be  expanded  as  a  power  series  in 
total  amplitude,  to  separate  out  order-n  effects,  where  n  =  \  means  linear, 
n  =  2  means  quadratic,  and  so  on.  The  nonlinearities  may  have  memory, 
which  will  simply  change  the  phase  of  the  spurious  nonlinear  signals  under 
our  assumption  of  pure  CW  drive. 
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In  order  n  =  2  we  can  get  second  harmonics  w  =  2wi  of  a  single  input 
wi;  we  can  also  get  sum  and  different  beat  frequencies  w  =  wi  ±  W2.  The 
former  is  just  a  special  case  of  the  latter,  with  wi  =  W2.  The  total  system 
bandwith  must  span  at  least  an  octave  for  the  spurs  to' appear  in-band. 
The  corresponding  wavenumbers  are  kj  =  kxi  ±  kT2  Using  the  dispersion 
relations ,  we  derive  for  the  spurious  main  beam 

kl  =  {ku  ±  k2z)^  ±  2kuk2z - ^  (5-3) 

cos  di  cos  02 

Here  the  first  exciting  beam  wi  is  propagating  in  the  direction  of  the  unit  vec¬ 
tor  III,  at  an  angle  6i  to  the  z-axis ,  with  cos  Bi  =  1 1 1  .  z,  so  =  Ik1 1  cos  6i  = 
wcos9i/c;  and  similarly  for  the  second  exciting  beam.  From  the  discussion 
above,  the  spurious  main  beam  at  w  will  propagate  if  the  right-hand-side 
is  positive,  otherwise  not.  It  follows  that,  for  sums  of  exciting  frequencies 
(WI  -l-W2j,  and  for  second  harmonics,  the  spurious  main  beam  always  propa¬ 
gates,  because  the  right-hand-side  is  the  sum  of  positive  terms.  On  the  other 
hand,  for  difference  frequencies  (wi  -  W2),  the  main  spurious  beam  is  often 
nonpropagating,  depending  on  frequencies  and  angles;  detailed  evaluation  is 
required  to  decide.  As  one  example,  if  the  two  exciting  beams  are  each  45° 
off  boresight,  and  90°  from  one  another,  then 

kl  =  {kiz  -  k2zf  -  ^kuk2z  =  fcL  +  -  &kuk2z  (5-4) 

and  the  main  beam  will  be  evanescent  as  long  as  wi  <  0  +  2\/2)uj2  ~  5.8w2' 

Order  n  =  3  may  be  treated  in  a  similar  manner  though  the  details 
become  more  complicated.  The  most  interesting  case  is  the  combination 

(jj  =  u) I  —  UJ2  (JiJz  (5"5) 

which  is  allowable  even  in  narrow-bandwidth  systems.  A  special  case  is  the 
combination  w  =  2wi  -  W2  of  two  excitations.  The  transverse  wavenumbers 
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combine  as  kj  =  kxi  -  kT2  +  kjs  and  the  dispersion  relations  give  for  the 
wavenumber  in  the  z-direction 

k;;  =  {kiz  —  k2z  +  kzz)  ~‘^kizk2z^^^^^^^^  +  2kizkzz^^^^^^^^^  (5-6) 

-2  k  k  l-n2'n3 

2z  3z  cos  02  cos  03 

We  have  not  attempted  to  determine  general  conditions  for  the  existence  of 
propagating  spurious  main  beams;  this  would  be  a  lengthy  but  straightfor¬ 
ward  analysis.  Two  parametrized  examples  will  be  enough  to  show  that 
both  cases  do  appear.  Take  the  three  exciting  beams  all  nearly  of  the 
same  frequency,  (wi  Pti  W2  w3)  and  all  at  the  same  angle  from  boresight, 
0i  =  $2  =  though  in  generally  different  directions  ni.  Then  this  expression 
reduces  to 

k‘^c^ 

Rs  cos^  9i  -h  2(ni  •  na  +  n2  •  na  -  ni  •  n3  -  1)  (5-7) 

If  we  arrange  the  excitations  so  that  beam  1  is  90"  from  beam  2,  and  beam  3  is 
also  90°  from  beam  2,  but  1  and  3  are  less  than  120°  from  each  other,  then  the 
right-hand-side  is  clearly  negative,  and  the  spurious  signal  w  is  evanescent. 
On  the  other  hand,  if  1  and  3  are  each  less  than  60°  from  2,  but  are  90°  from 
each  other,  then  the  right-hand-side  is  positive,  and  the  spur  will  propagate 
as  a  main  beam.  Thus  for  third-order  nonlinearities,  both  cases  occur,  and 
in  fact  both  are  widespread.  More  detailed  analysis  would  be  necessary  to 
go  much  further. 

The  overall  point  is  that  nonlinear  distortions  need  not  be  completely 
eliminated;  it  suffices  to  put  their  energy  out-of-band,  or  to  put  their  energy 
into  modes  which  do  not  propagate  out  of  the  array,  i.  e.,  into  evanescent  array 
modes.  The  type  of  analysis  presented  here  can  be  used  to  evaluate  the  issues 
of  non-linear  distortion  in  system  designs  involving  multiple  simultaneous 
function  supported  on  the  same  array  elements.  It  also  can  be  used  to  develop 
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operations  criteria  (e.g. ,  relative  directionality  of  simultaneous  beams)  to 
minimize  effects  of  non-linearity.  Another  point  is  that  although  evanescent 
waves  decay  exponentially  and  do  not  propagate  to  large  distances,  they 
can  couple  to  receivers  and  other  electronics  at  short  distances,  e.g.,  on  the 
same  ship,  especially  if  the  source  is  at  a  high  power  level.  Thus,  evanescent 
modes  may  not  be  completely  benign  and  require  assessment,  especially  for 
high  power  Tx  functions. 

5.1.2  Analog  beam  steering 

Beam  forming  historically  developed  as  a  natural  evolution  of  the  hard¬ 
ware  used  in  rotating  dish  antennas.  That  is,  capture  of  the  full  angular 
spread  of  the  incident  radiation,  with  subsequent  electronic  processing  to 
extract  the  angular  information.  There  is  an  alternative  to  this  approach 
based  on  the  traditional  methods  of  optics  and  diffraction.  This  is  to  use  a 
lens  system  to  physically  separate  radiation  incident  at  different  angles  into 
different  physical  locations.  Specifically,  the  well-known  result  of  paraxial 
ray  optics  is  that  all  radiation  incident  on  a  lens  at  a  given  angle  is  focused 
to  a  single  point  in  the  focal  plane.  This  property  can  also  be  used  at  radio 
frequencies,  subject  to  the  issue  of  aberrations,  which  are  universally  present 
in  such  focusing  systems. 

Radio  frequency  radiation  can  be  focused  by  using  the  refractive  in¬ 
dex  (or  impedance)  properties  of  materials  physically  shaped  [45 , 47]  in  way 
similar  to  traditional  glass  optics.  In  addition,  effective  lensing  can  be  ac¬ 
complished  by  using  spatially-configured  time  delays  [48,  49].  The  latter 
method  is  accomplished  by  using  a  planar  array  of  antennas  coupled  through 
hard-wired  time-delay  links  to  a  complimentary  planar  set  of  antennas,  as 
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illustrated  in  Figure  23.  One  plane  receives  a  signal,  generates  an  electrical 
signal,  which  is  sent  to  the  second  plane  through  the  time  delay,  and  then 
the  second  plane  of  antenna  elements  transmits  the  signal.  On  transmit,  the 
feed  source  is  placed  at  a  focal  position  chosen  to  matched  the  desired  angle 
for  the  outgoing  beam.  On  receive,  beams  incident  at  different  angles  are 
collected  at  different  focal  positions. 


Figure  23:  Schematic  illustration  of  a  discrete  lens  array  operated  in  transmit 
mode.  The  feeds  are  located  on  the  focal  arc,  the  position  of  which  is  deter¬ 
mined  by  the  configuration  of  matched  time  delays  between  the  input/out 
planes  of  antenna  elements  in  the  lens  array. 

Analog  beam-forming  has  the  benefit  that  electronic  processing  of  the  in¬ 
coming  signals  from  all  the  different  antennas  is  greatly  reduced  (e.g.,  adding 
phase  shifts  and  combining  is  no  longer  needed.)  Instead,  the  lens  effectively 
imposes  a  fixed  set  of  phase  shifts,  and  the  fully  formed  beam  is  collected  di¬ 
rectly.  The  drawbacks  of  such  a  configuration  are  two-fold.  First,  one  looses 
the  possibility  of  controlling  the  individual  phase  information,  with  all  the 
flexibility,  automated  calibration/correction,  and  powerful  processing  that 
includes.  Second,  one  is  subject  to  the  physical  limitations  of  aberrations  in 
focusing.  In  the  case  of  the  discrete  lens  array,  careful  tailoring  of  the  time 
lags  between  elements  allows  aberration  correction  for  handling  large  areas. 
However,  the  specific  designs  are  wavelength-dependent,  which  means  that 
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the  lens  will  be  subject  to  chromatic  aberrations  if  frequencies  much  different 
than  its  design  specification  are  used. 

Analog  beam  forming  is  certainly  feasible,  although  at  a  cost  of  substan¬ 
tially  more  complex  aperture  design.  That  drawback  may  be  compensated 
by  the  potential  for  reducing  the  overall  complexity  of  the  beam  steering  sys¬ 
tem.  There  is  also  another  proposed  antenna  configuration,  reconfigurable 
apertures  [?],  that  has  the  potential  for  significant  reduction  of  system  com¬ 
plexity,  while  still  maintaining  the  benefits  of  the  fully  digital  interface.  The 
latter  approach  is  also  supported  by  substantial  commercial  interest  in  re- 
configurable  apertures  for  improved  channel  capacity  [51] ,  and  thus  devel¬ 
opments  in  this  area  are  likely  to  be  rapid.  We  would  suggest  a  thorough 
evaluation  of  the  suitability  of  both  analog  beam  forming  and  reconfigurable 
apertures  for  Integrated  Topside  applications,  based  on  the  following  criteria 
in  comparison  with  the  more  traditional  configuration: 

1)  Lens  array  volume  and  profile 

2)  Quality  of  beam  shape  for  a  single  lens  design  over  a  wide  range  of 
frequencies 

3)  Improvements,  if  any,  in  sensitivity  to  amplifier  linearity 

4)  Cost  gain  due  to  reduced  electronics  complexity 

5)  Robustness  of  lens  array  configuration  under  field  conditions. 

5.2  Calibration  and  Validation 


The  need  for  calibration/validation  of  phased  array  antennas  is  well 
known,  e.g.,  for  communication  and  radar  satellites  [52,  53].  For  an  agile. 
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multifunction,  wideband  aperture  this  need  is  more  pronounced  because  of 
the  multiple  functions  that  the  array  is  to  perform,  e.g.,  communication, 
radar  and  electronic  warfare.  The  calibration  must  satisfy  the  most  de¬ 
manding  requirements  of  the  several  functions  of  the  aperture.  Thus,  the 
calibration/validation  function  of  the  aperture  should  be  able  to  assure  per¬ 
formance  for  pointing,  gain  and  beam  shape  as  well  as  limiting  unwanted 
emissions  from  sidelobes  and  nulling  interfering  signals  for  receive  functions. 
Calibration  is  important  from  another  aspect  if  one  uses  delta-sigma  schemes 
(see  Section  4.2.1)  for  conversion  between  digital  and  analog  versions  of  a  sig¬ 
nal.  Probably  the  most  important  aspect  of  calibration  is  to  discard  data 
from  failed  elements  and  compensate  for  the  missing  data  in  the  beam  form¬ 
ing  and  other  aperture  functions.  Editing  out  bad  data  and  compensating  for 
it  in  signal  processing  allows  one  to  mitigate  the  impact  of  failed  elements. 

Calibration  takes  place  at  the  subsystem  level  and  more  importantly  at 
the  system  level  as  end-to-end  testing  and  optimization  of  aperture  perfor¬ 
mance.  Subsystem  level  calibration  is  valuable  even  if  end-to-end  calibration 
is  also  done  because  the  former  can  be  done  more  frequently  and  simplifies  the 
task  of  optimizing  performance  using  data  from  end-to-end  testing.  Proba¬ 
bly  the  most  important  calibration  is  for  the  phase  reference  signal  that  goes 
to  each  element.  For  a  wideband  aperture  this  is  typically  an  analog  signal 
and  thus  subject  to  distortion  by  multiple  reflections  in  the  signal  pathway. 
We  note  that  such  a  reference  signal  can  be  auto-calibrated  eliminating  the 
need  for  any  delay  matching  by  connecting  phase  signals  from  adjacent  ele¬ 
ments  together.  During  calibration,  each  element  would  measure  the  relative 
phase  between  it  and  its  four  neighbors  and  calculate  a  phase  correction  to 
bring  them  in  phase.  After  a  few  iterations  of  this  phase  correction  all  mod¬ 
ules  would  converge  on  a  common  "zero  phase"  without  the  need  for  any 
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matched-length  cabling  of  the  reference  signal.  Subsystem  level  calibration 
that  is  both  integrated  and  diverse  (20  modes)  has  been  implemented  in  the 
AMRFC  Test  Bed  [4], 


End-to-end  calibration  and  validation  is  a  critical  element  in  the  de¬ 
sign  of  multifunction  apertures  since  many  functions  depend  on  only  a  few 
apertures.  We  will  discuss  two  approaches  to  end-to-end  testing  of  multi¬ 
function  apertures  by  transponder/beacons  and  special  sensing  elements  in 
the  transmit  and  receive  apertures.  End-to-end  calibration  is  probably  best 
performed  by  external  transponders  (for  transmit  and  receive  arrays)  and 
beacons  (for  receive  arrays).  The  concept  is  illustrated  in  Eigure  24  below. 
A  transponder  or  beacon  could  be  on  board  the  same  ship  or  off  board  on 
a  buoy,  aircraft,  UAV,  spacecraft  or  other  ship.  The  need  for  such  external 
calibration/validation  of  aperture  performance  is  to  make  sure  that  effects 
beyond  the  last  stage  of  subsystem  calibration  are  taken  into  account,  e.g. 
changes  in  antenna  elements  (notch  structures)  or  interconnects  by  weather 
or  other  damage,  propagation,  scattering  from  other  structures  on  the  ship, 
etc.  The  objective  is  to  assess  aperture  performance  and  compensate  for 
failure,  degradation  or  other  changes  in  aperture  components.  Some  of  the 
functions  that  can  be  assessed  and  possibly  improved  are  as  follows: 


•  Beam  pointing 

•  Beam  shape 

•  Sidelobe  levels 

•  Unanticipated  sidelobes 

•  Gain. 
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Figure  24:  Calibration/validation  of  aperture  performance  by  end-to-end 
testing  of  aperture  function.  Off  board  and  on  board  transponders  and  bea¬ 
cons  are  illustrated. 

There  is  a  wide  variety  of  measurements  that  can  be  made  with  transpon¬ 
ders  and  beacons  to  assess  and  optimize  phased  array  antennas.  Spacecraft 
phased  arrays  can  be  assessed  and  optimized  using  transponders  or  beacons 
on  the  ground  [52].  Using  a  transponder  or  beacon  one  can  scan  antenna 
beams  across  the  point  source  to  observe  the  antenna  pattern  and  optimize 
it.  Clearly  one  would  like  to  probe  antenna  beams  in  all  directions  since  the 
calibration  could  change  depending  on  the  direction  that  the  aperture  beam 
is  pointing.  On  board  transponders  or  beacons  are  easier  to  implement,  but 
are  limited  to  a  set  of  directions  that  generally  doesn't  include  the  directions 
that  the  aperture  is  most  concerned  with.  Nevertheless,  on  board  transpon¬ 
ders/beacons  can  indicate  failed  elements  and  provide  a  useful  assessment 
of  aperture  performance.  Fenn  [54]  argues  that  on  board  transponders  do 
not  have  to  be  located  in  the  far  field  of  the  aperture  as  near-field  measure¬ 
ments  can  be  used  to  infer  far-field  measurements  by  exploiting  the  near-field 
focusing  capability  of  a  phased  array  aperture. 
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Off  board  transponders/beacons  are  more  flexible,  but  harder  to  im¬ 
plement.  Use  of  a  UAV  with  a  transponder  and  beacon  appears  to  offer  a 
cost-effective  way  to  make  maximum  use  of  off  board  calibration.  Several 
advantages  of  off  board  calibration/validation  are  as  follows: 

•  Can  be  done  in  many  diverse  directions,  including  high  elevation  angles 

•  Can  easily  be  done  in  the  far  field  of  the  aperture 

•  Includes  more  interaction  of  aperture  with  ship  structures. 

The  biggest  disadvantage  of  off  board  calibration  is  the  difficulty  of  imple¬ 
menting  it  while  underway  or  in  bad  weather.  The  required  apparatus  and 
platform  for  off  board  systems  are  more  expensive,  but  a  small  part  of  the 
overall  cost  of  a  multifunction  aperture. 

Another  approach  to  end-to-end  calibration/validation  is  to  use  the 
nearby  elements  in  the  aperture  array  as  sources  and/or  sensors.  In  the 
case  of  radar  arrays  Auman  et  al.  [55]  and  Shipley  and  Woods  [56]  have 
discussed  using  the  mutual  coupling  between  transmit/receive  (T/R)  mod¬ 
ules.  This  technique  is  sometimes  called,  mutual  coupling  auto-calibration' 
or  just  'auto-calibration.'  The  former  authors  report  an  experiment  in  which 
the  method  was  applied  to  a  1.3  GHz  array  with  rather  good  results.  Beam 
shape  was  within  1  or  2  dB  for  the  antenna  pattern  within  30  dB  of  the 
peak  and  within  about  5  dB  down  to  40  dB  below  the  peak.  It  appears 
that  future  multifunction  apertures  for  integrated  topside  are  likely  to  have 
separate  transmit  and  receive  apertures.  Thus,  one  would  need  to  put  some 
transmit  elements  in  the  receive  aperture  and  some  receive  elements  in  the 
transmit  aperture  as  shown  in  Figure  25  below.  A  small-scale  version  of  this 
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scheme  was  implemented  on  the  AMRFC  test  bed,  but  has  not  been  used 
for  calibration  thus  far. 


Transmit 

nr  1  I  A  '  JL  » 


m 


Receive 

Element 


Receive 

Aperture 


+  f 


B 

4 


Figure  25:  Sampling  of  aperture  performance  with  transmit  elements  (red 
stars)  distributed  over  the  receive  array  (blue)  and  with  receive  elements  (blue 
stars)  distributed  over  the  transmit  aperture.  This  scheme  was  implemented 
on  the  AMRFC  test  bed,  but  not  used  for  calibration. 


The  auto  calibration  method  is  similar  to  the  near-field  antenna  mea¬ 
surement  method  that  has  become  popular  as  it  is  more  economical  than 
far-field  antenna  ranges,  (see  Yaghijian  [57]).  Rahmat-Samii  [58]  describes 
a  near-field  test  facility  at  UCLA.  One  could  extend  the  mutual  coupling 
method  by  introducing  probes  that  would  perform  near-field  antenna  mea¬ 
surements  better  than  simply  using  extra  elements  in  the  aperture.  However, 
such  an  extension  of  the  mutual  coupling  method  would  require  significant 
added  expense  in  both  the  apparatus  and  the  time  required  to  make  such 
measurements.  The  auto  calibration  method  is  less  useful  in  assessing  overall 
system  performance  than  an  airborne  transponder/beacon  would  be.  How¬ 
ever,  it  has  the  advantage  of  being  relatively  simple  to  implement  and  would 
be  available  for  frequent  use. 


Whatever  means  one  uses  to  collect  data  for  aperture  performance,  these 
data  must  be  processed  to  make  a  useful  assessment  of  aperture  performance 
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and  enable  performance  improvement  if  needed.  As  a  simple  example,  sup¬ 
pose  that  a  particular  element  has  failed  and  is  supplying  anomalous  data. 
The  data  analysis  algorithm  should  recognize  the  failure  and  identify  the 
failed  element.  Once  this  has  occurred  the  faulty  data  can  be  ignored  and 
steps  taken  to  compensate  for  the  loss  of  data  from  this  particular  element  or 
elements.  A  straightforward  way  to  compensate  for  the  loss  of  a  given  element 
is  to  change  the  weighting  of  other  elements  to  produce  as  good  an  antenna 
beam  as  possible  by  giving  the  faulty  element  zero  weight  and  changing  the 
other  element  weightings  in  the  beam  formation  algorithm  appropriately. 

Approaches  for  making  use  of  subsystem,  element-to-element,  beacon 
and  transponder  data  have  been  developed  with  the  twin  objectives  of  as¬ 
sessment  and  performance  improvement  through  remediation  of  faults  and 
adjustments  after  calibration.  One  approach  has  the  end-to-end  philosophy 
and  assesses  the  performance  of  phased  array  antennas  that  attempt  to  null 
interfering  signals  by  placing  a  beam  pattern  null  in  the  direction  of  the  in¬ 
terference  source.  A  near-field  beacon  that  simulates  a  noise  source  can  be 
used  to  estimate  far-field  nulling  performance  using  near-field  focusing  of  the 
phased  array.  By  clever  calibration  procedures  one  can  economize  on  the 
amount  of  calculation  it  takes  to  translate  data  into  assessment  and  identifi¬ 
cation  of  faults  and  maladjustments.  For  example,  Sorace  [52]  has  developed 
a  scheme  for  calibration  of  a  phased  array  while  it  is  in  service  with  a  mini¬ 
mum  number  of  measurements.  He  argues  that  calibration  at  four  orthogonal 
phase  settings  can  be  used  in  a  maximum  likelihood  method  to  estimate  ac¬ 
curately  the  calibration  offset.  Existing  developments  were  not  focused  on 
multifunction  apertures  and  more  cost-effective  methods  that  deal  with  the 
new  aspects  of  multifunction  apertures  may  be  required  after  assessment  of 
existing  methods. 
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In  summary,  the  need  for  continual  calibration/validation  in  phased  ar¬ 
ray  antennas  is  well  known  and  becomes  more  pronounced  for  multifunction 
apertures  since  the  different  functions  have  different  requirements.  The  need 
for  assessment  of  aperture  performance  focuses  on  the  user  who  needs  con¬ 
tinual  assurance  that  such  a  complex  system  as  a  multifunction  phased  array 
is  working  properly.  Seeing  a  rotating  dish  antenna  through  the  window 
assures  a  commander  that  the  system  is  likely  working.  Such  real  time  per¬ 
formance  assessment  is  needed  for  multifunction  apertures  because  of  their 
importance  and  users  unfamiliarity  with  them.  This  is  especially  so  in  the 
transition  period  when  multifunction  apertures  are  coming  into  use.  We  sug¬ 
gest  a  calibration  approach  which  has  the  following  steps  moving  from  less 
effective,  but  easily  implementable  methods,  that  are  used  very  frequently 
to  more  effective  methods  that  are  harder  to  implement  and  thus  used  less 
frequently.  A  comprehensive  program  could  work  as  follows: 

•  Very  frequent  calibration/validation  of  subsystems  and  end-to-end  test¬ 
ing  using  element-to-element  coupling 

•  Less  frequent  calibration/validation  using  transponders/beacons  on  board 
the  ship 

•  Occasional  calibration/validation  using  off  board  transponders/beacons 
mounted  on  DAVs  or  other  platforms. 
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5.3  Scheduling 


5.3.1  Introduction 


Managing  the  plethora  of  RF  functions  on  a  Navy  vessel  clearly  needs 
careful  advanced  planning  [1 , 59,60].  A  key  feature  of  the  multi-function  con¬ 
cept  is  the  use  of  software-controlled  management  tools  to  allocate  shipboard 
RF  resources  optimally  and  dynamically  among  the  functional  requirements. 
The  AMRFC  program  [59,  60,  4]  has  demonstrated  the  feasibility  of  dynamic 
function  management  in  the  Chesapeake  Bay  testbed,  and  has  pioneered  a 
modular  open  architecture  suitable  for  reconfiguring  the  system  in  real  time, 
and  to  adapting  the  system  to  future  changes  as  capabilities  and  functional 
needs  evolve. 

The  scheduling  issues  involve  prioritization  among  the  RF  functions, 
given  the  resources  available.  Such  prioritization  will  generally  begin  with  a 
most  common  standard  priority  order,  for  which  specific  priorities  would  be 
adjusted  in  real-time  to  adapt  to  predictable  variations  in  situations  (e.g., 
ship  in  port,  vs.  convoy,  etc.).  Insuring  that  each  function  is  accomplished 
requires  experienced  knowledge  of  the  situations  likely  to  be  encountered  and 
the  corresponding  RF  demands  generated  by  those  situations  (e.g.,  a  rather 
static  set  of  RF  requirements  when  refueling  at  the  home  base,  vs.  rapidly 
changing  RF  needs  when  involved  in  a  military  exercise  or  combat). 

To  meet  the  time-varying  functional  requirements,  the  size,  capabilities 
and  physical  distribution  of  the  phased  array  apertures  must  be  carefully 
planned.  There  will  be  some  number  N  of  apertures,  with  spatial  locations 
that  have  different  applicability  for  different  functions.  Each  of  the  apertures 
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will  contain  an  internal  spatial  distribution  of  Mm  antennas,  combinations  of 
which  will  be  software  selectable  for  use  in  generating  a  signal.  The  choice  of 
spatial  combinations  will  be  constrained  by  the  frequency  and  beam  width  re¬ 
quired  for  the  function,  and  by  possibilities  of  EMI  or  side-lobe  formation  due 
signals  allocated  to  nearby  antennas.  Choices  of  functional  allocation  may  be 
further  bounded  if  individual  antennas  are  (depending  on  cost  limitations) 
differently  equipped  in  terms  of  the  functionality  of  their  transmit/receive 
modules.  Specifically,  TRM  choices  will  include  the  maximum  power  level, 
whether  multiple  beams  of  the  same  frequency  will  be  independently  steered 
using  common  elements,  and  whether  multiple  beams  of  different  frequencies 
will  be  generated  simultaneously  using  common  elements. 

Given  the  rapid  evolution  expected  in  the  hardware  capabilities  for 
multi-function  phased  arrays,  it  is  clearly  not  feasible  (and  certainly  would 
not  be  wise)  to  attempt  to  generate  a  fixed  solution  to  scheduling  manage¬ 
ment.  On  the  other  hand,  constantly  evaluating  the  scheduling  possibilities 
as  hardware  solutions  are  being  evaluated  is  essential  to  optimizing  the  over¬ 
all  system  design.  Full  cost-benefit  analyses  can  only  be  accomplished  in  the 
context  of  how  resource  allocation  can  be  optimized. 

In  the  following,  we  describe  in  a  general  sense  the  issues  involved  in 
developing  scheduling  solutions.  The  importance  of  quantifying  the  physical 
and  functional  boundary  conditions  cannot  be  over-emphasized  in  such  an 
analysis.  In  addition,  we  emphasize  the  importance  of  pre-defining  resource 
allocations  for  anticipated  scenarios,  minimizing  the  need  for  real-time  com¬ 
putational  analysis. 
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5.3.2  Optimal  Resource  Allocation 


As  noted  above,  multi-functional  scheduling  requires  allocating  antenna 
elements  from  the  arrays  to  various  functions.  Each  of  these  functions  has  its 
own  requirements  (boundary  conditions),  including  its  temporal  duty  cycle, 
the  frequency,  the  spatial  positions  of  the  apertures,  and  the  number,  spacing 
and  TRM  capabilities  of  the  antenna  elements  required.. 

A  resource  allocation  problem  [61]  is  one  in  which  we  have  resources 
XI,---,  Xn  and  wish  to  minimize  (or  maximize)  some  function  f(Xl,  ...  ,Xn) 
of  those  resources  subject  to 

tx.  =  N 

i=\ 

and 

X/  >  0,  i  =  \,  ...  ,n. 

A  discrete  resource  allocation  problem  is  one  in  which  the  resources  are  in¬ 
teger  valued,  for  example  an  integral  number  of  antenna  elements  must  be 
used.  In  general,  it  is  computationally  intractable  to  find  optimal  solutions 
to  these  problems  except  for  small  instances. 

The  discrete  resource  allocation  is  known  to  be  NP-hard  (NP  stands 
for  non- deterministic  polynomial-time) .  An  NP-hard  problem  is  a  decision 
problem  that  is  a  member  of  a  class  H  where  every  problem  in  the  class  NP 
is  polynomially  reducible  to  a  problem  in  H .  More  formally,  H  is  the  class 
such  that  for  every  decision  problem  L  E  NP  there  exists  a  polynomial-time 
many-to-one  reduction  to  H ,  written  L  <p  H.  A  language  L  is  NP-hard  if 
VL'  E  NP,  L'  <p  L.  If  a  decision  problem  D  is  NP-hard  and  D  E  NP  then  D 
is  NP-complete. 
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A  problem  is  shown  to  be  NP-hard  by  finding  a  polynomial-time  (or 
logarithmic  space)  reduction  to  a  problem  that  has  already  been  shown  to 
be  NP-hard.  In  the  case  of  the  discrete  resource  allocation  problem  the 
reduction  is  to  the  set  partitioning  problem  [61 ,  62 ,  63]. 

The  set  partitioning  problem  is  given  an  m  x  n  binary  matrix  A  =  {aij} 
and  a  positive  integer  N ,  determine  whether  a  vector  x  =  (XI,  . ..  ,Xn)  satisfies 

n 

^  Xj  =  N, 

j=i 

and 

n 

'^aijXj  =  l,i  =  1, ...  ,m 

j=i 

and  Xj  are  non-negative  integers, y  =  1,...  ,n. 

It  is  strongly  believed  that  there  are  no  deterministic  polynomial-time 
algorithms  for  problems  that  are  NP-complete.  As  a  result,  the  best  algo¬ 
rithm  that  can  be  devised  that  provides  an  exact  solution  must  be  0(2") 
(requires  exponential  time  in  the  size  of  the  problem).  The  proof  of  this 
assertion  would  be  one  of  the  most  significant  results  in  complexity  theory, 
but  several  decades  of  effort  provide  strong  evidence  that  it  is  true. 

The  problem  of  optimally  assigning  antenna  elements  to  RF  functions 
at  appropriate  time  slots  is  similar  to  a  discrete  resource  allocation  problem 
called  the  classroom  assignment  problem  [64].  In  this  problem  there  are  a  set 
of  courses  that  to  be  taught  (transmit/receive  functions)  each  with  a  required 
enrollment  of  a  certain  number  of  students  who  have  specific  prerequisites 
(number  and  capabilities  of  antenna  elements  required  for  a  function)  and  a 
set  of  classrooms  each  with  a  given  number  of  desks  (apertures  with  antenna 
elements,  with  the  additional  complication  that  individual  antenna  elements, 
or  desks,  may  be  used  simultaneously  for  different  functions,  or  classes  sub¬ 
ject  to  geometric  constraints).  There  is  an  additional  degree  of  freedom  in  the 
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time  that  the  courses  can  he  scheduled  in  order  to  find  an  appropriate  class¬ 
room  (including  appropriate  desks).  The  function  to  be  maximized  might  be 
the  number  of  courses  that  can  be  taught,  subject  to  stringent  priorities  on 
the  courses,  or  it  could  be  the  efficiency  of  utilizing  the  classrooms  (analogous 
to  power  needed  or  EMI). 

It  is  clear  that  finding  an  optimal  solution  to  the  multi-function  phased 
array  scheduling  problem  in  real-time  is  not  practical  since  it  is  NP-hard 
and  for  a  non-trivial  number  of  tasks  the  run-time  will  be  prohibitive.  This 
has  already  been  recognized  in  the  AMRFC  software  development  program 
[60],  where  the  allocation  problem  has  also  been  bounded  by  pre-definition  of 
antenna-element  subsets  that  are  allocated  sequentially  in  time  as  dedicated 
groups  to  the  prioritized  functions. 

In  accomplishing  maximization  of  resources  use,  there  are  important 
uses  for  finding  optimal  or  near-optimal  task  schedules.  The  first  is  to  find  a 
set  of  fixed  schedules  in  an  off-line  fashion  that  can  be  used  as  appropriate  to 
the  mission  at  hand.  These  schedules  would  be  computed  in  such  a  way  to 
provide  the  most  efficient  use  of  resources  and  provide  the  maximum  number 
of  free  antenna  elements  for  the  longest  possible  intervals.  These  elements 
could  then  be  used  for  best  effort  tasks  such  as  communication,  while  tasks 
with  fixed  communication  requirements  would  be  guaranteed  to  have  the  re¬ 
sources  that  they  need.  The  second  use  of  finding  optimal  schedules  could  be 
as  a  comparison  for  real-time  scheduling  algorithms  that  might  be  developed 
to  provide  dynamic  scheduling  of  the  tasks.  In  general,  dynamic  schedules 
that  guarantee  that  all  tasks  have  the  resources  necessary  to  complete  and 
can  complete  by  the  time  required  will  be  less  than  optimal.  There  needs  to 
be  some  method  of  judging  the  efficacy  of  these  algorithms,  and  comparing 
them  a  posteriori  with  known  optimal  schedules. 
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5.3.3  Real-time  scheduling 


Allocation  of  resources  to  multi-function  phased  arrays  is  an  instance  of 
a  real-time  scheduling  problem.  It  is  composed  of  hard  real-time,  soft-real 
time,  and  best  effort  tasks  that  must  be  completed  in  a  timely  fashion  on  a 
limited  set  of  resources. 

A  task  is  said  to  be  a  hard  real-time  task  [65]  if  a  completion  after  its 
deadline  can  cause  catastrophic  consequences  to  the  system.  A  task  is  said 
to  be  a  soft  real-time  task  if  missing  its  deadline  decreases  the  performance 
of  the  system  but  does  not  affect  its  correctness.  A  best  effort  task  is  one 
that  has  no  deadline  and  can  complete  at  any  time.  In  general,  the  system 
should  be  starvation-free,  that  is,  these  tasks  should  be  completed  in  a  timely 
fashion. 

A  example  of  a  hard  real-time  task  in  the  AWA  is  tracking  and  jamming 
an  incoming  missile.  An  example  of  a  soft  real-time  task  is  audio  or  video 
communication,  perhaps  via  a  TCP/IP  connection. 

Audio  and  video  are  soft  real-time  time  since  the  quality  of  the  stream 
(as  measured  by  its  jitter)  is  important  to  understanding  the  message,  but  a 
small  amount  of  jitter  does  not  cause  a  complete  failure.  Some  examples  of 
best  effort  tasks  are  sending  a  short  message  or  an  TCP/IP  data  connection. 

In  general,  a  scheduling  problem  can  be  defined  as  three  sets:  a  set 
of  n  tasks  {Ji,  set  of  m  processors  (Pi,...  ,Pm}  and  a  set  of  5 

resources  (Ru  ,Rsi  [65].  In  the  case  of  the  AWA  problem,  the  tasks  could 
correspond  to  transmit/receive  events,  the  processors  to  antenna  arrays,  and 
the  resources  to  antenna  elements  and  other  resources  necessary  to  complete 
the  task. 
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Real-time  tasks,  like  other  tasks,  may  not  be  executable  in  arbitrary 
orders  but  subject  to  precedence  constraints.  These  precedence  constraints 
can  be  described  as  a  directed  graph  G  with  vertices  J,  that  represent  tasks 
and  directed  edges  that  describe  the  ordering  constraints  among  the  tasks. 
Ja  Jb  means  that  Ja  is  a  predecessor  of  Jb  and  the  precedence  graph 
G  contains  a  directed  path  from  Ja  to  Jb-  Ja  Jb  means  that  Ja  is  an 
immediate  predecessor  of  Jb  and  the  precedence  graphs  G  contains  a  directed 
edge  from  Ja  to  Jb- 

The  graph  G  imposes  a  partial  ordering  on  the  execution  of  the  tasks, 
and  so  constrains  the  scheduling  algorithm.  A  task  Ja  with  the  constraint 
Ja  A  Jb  means  that  Ja  must  be  executed  before  Jb,  while  if  Jc  7^  Jd  then 
Jc  and  Jd  can  be  scheduled  concurrently.  The  result  is  a  significant  increase 
in  complexity  of  the  scheduling  algorithm,  and  simple  greedy  algorithms  are 
unlikely  to  be  sufficient. 

There  is  a  rich  literature  on  real-time  scheduling  including  texts  [66,  67, 
68]  as  well  as  many  research  articles.  We  recommend  that  this  literature  be 
carefully  explored,  as  it  is  directly  applicable  to  the  AWA  problem.  Recent 
work  on  integrating  hard  real-time,  soft  real-time  and  best-effort  scheduling 
[69]  holds  great  promise  to  simplify  the  implementation  of  mixed  scheduling 
systems,  and  is  highly  relevant  to  the  AWA  problem. 

5.3.4  Single  point  failure 


The  AWA  system  is  a  complex  one  made  up  of  many  components,  both 
hardware  and  software.  It  is  essential  for  the  success  of  the  mission  as  well 
as  the  safety  of  the  crew  that  the  system  function  reliably  and  be  protected 
against  single-point  failure  modes,  which  might  arise  either  due  to  faults  in 
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the  system  or  to  damage  occurred  due  to  military  operations.  The  reliability 
of  the  system  can  be  enhanced  through  the  use  of  best  engineering  practices, 
including  software  engineering  practices,  and  the  use  of  quality  components. 
But  it  is  important  to  remember  that  all  hardware  components  can  fail,  and 
that  all  complex  software  systems  have  errors.  In  terms  of  software,  it  is 
simply  impossible  to  construct  a  complex  software  system  that  is  error-free, 
and  any  claims  that  such  a  system  can  be  built  should  be  regarded  with 
extreme  skepticism.  Finally,  under  conditions  of  rough  weather  or  combat 
operations,  disabling  damage  may  occur. 

To  avoid  single  points  of  failure  in  the  system  it  is  essential  to  make  ef¬ 
fective  use  of  redundancy,  and  where  appropriate,  diversity  to  avoid  common 
failure  modes.  It  is  essential  that  in  the  event  that  any  component  fails,  the 
system  performance  degrade  in  a  graceful  manner.  There  should  be  no  point 
in  the  system  where  the  failure  of  a  hardware  or  software  component  causes 
the  entire  system  to  fail.  If  the  system  is  thought  of  as  a  directed  graph,  this 
means  that  there  are  redundant  paths  through  the  graph  so  that  the  loss 
of  any  single  edge  does  not  partition  the  graph.  In  terms  of  hardware,  this 
means  that  there  should  be  redundant  power  and  communication  channels. 
In  terms  of  software,  it  means  that  best  practices  are  followed  and  excep¬ 
tional  conditions  are  caught  and  handled  rather  than  allowing  the  system  to 
fail. 


Fault-tolerance  depends  on  the  interaction  of  multiple  components  when 
a  single  one  fails.  The  large  number  of  components  results  in  complex  fail¬ 
ure  modes  that  may  not  be  evident  simply  by  examining  the  architecture. 
By  using  a  combination  of  analytic  modeling  and  simulation  a  better  under¬ 
standing  of  the  complex  failure  modes  of  these  systems  can  be  obtained. 
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In  the  case  of  simple  dependencies,  a  probabilistic  analysis  based  on 
combinatorial  models  can  be  done.  This  analysis  can  be  often  be  used  to 
analyze  simple  subsystems  and  the  result  used  to  parameterize  models  of 
larger  portions  of  the  system.  In  the  case  of  more  complex  interactions,  it 
may  be  more  appropriate  to  use  analysis  based  on  Markov  networks  [70].  The 
form  of  these  networks  are  completely  dependent  on  the  interdependencies 
of  the  components,  but  the  field  is  well  developed  and  has  been  applied  to 
many  fields  including  complex  computer  networks. 

When  the  system  is  so  complex  that  an  analytic  solution  is  not  possible, 
then  discrete  event  simulation  [71]  can  be  applied  to  understand  the  inter¬ 
actions  of  the  various  parts  of  the  system  and  estimate  the  reliability  of  the 
entire  system. 

5.4  ModularityjOpen  Architecture 

5,4,1  Introduction 


The  AWA  system  is  a  complex  architecture  that  will  be  made  up  of 
components  from  many  vendors  and  must  be  able  to  evolve  over  time  as  new 
technologies  are  developed  and  new  capabilities  are  deployed.  By  designing 
the  system  as  an  open  systems  architecture,  the  Navy  will  not  be  captive  to 
a  single  vendor  and  can  take  full  advantage  of  the  advances  that  are  made 
in  the  commercial  sector. 

Even  though  the  AWA  system  will  be  an  open  systems  architecture,  it 
remains  an  extremely  complex  system  in  terms  of  both  hardware  and  soft¬ 
ware.  In  order  for  the  pieces  of  the  system  to  function  in  an  integrated 
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fashion,  in  contrast  to  a  collection  of  separate  systems  with  little  or  no  inte¬ 
gration,  the  architecture  must  be  well-defined,  adaptable,  and  have  standard 
interfaces  and  APIs  (Application  Program  Interfaces)  that  can  accommodate 
components  from  multiple  vendors  and  evolve  over  time. 

Examples  of  complex  architectures  exist  in  the  commercial  sector,  and 
are  increasingly  common.  Any  complex  system  including  the  Internet,  auto¬ 
mobiles,  and  aircraft  is  composed  of  many  components  from  many  vendors 
that  fit  together  in  an  integrated  fashion.  Aircraft,  for  example,  are  highly 
integrated  in  their  electronics  and  avionics.  A  modern  aircraft  is  assembled 
from  components  from  many  vendors  around  the  world,  and  these  compo¬ 
nents  must  fit  together  seamlessly. 

As  described  in  other  sections  of  this  report,  to  accomplish  cost  savings 
and  most  rapid  implementation  of  new  capabilities,  we  strongly  recommend 
that  wherever  possible,  the  hardware  used  in  the  AWA  system  be  standard 
COTS  and  will  already  have  standardized  interfaces.  These  interfaces  were 
defined  through  standards  organizations  such  as  the  IEEE,  and  are  the  rea¬ 
son  that  modern  electronics  such  as  computers  can  be  assembled  easily  from 
components  and  require  no  additional  circuitry.  Adding  a  video  card  or  a 
network  interface  to  a  computer  is  no  more  difficult  than  inserting  it  into  a 
slot  and  installing  the  appropriate  driver  software.  To  the  extent  that  it  is 
possible,  the  multi-function  phased  array  systems  should  be  based  on  stan¬ 
dardized  commercial  interfaces.  Where  necessary  custom  hardware  standards 
specific  to  the  system  should  be  developed.  In  the  software  realm,  there  are 
many  examples  of  open  architectures  that  allow  the  system  to  interoperate 
and  be  extended.  Notable  examples  include  the  the  TCP//P  protocol  suite 
from  the  networking  community,  the  open  source  community,  and  even  the 
proprietary  Microsoft  operating  system  (the  driver  architecture,  for  exam- 
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pie,  allows  for  new  devices  to  be  added  to  the  system  without  modifying  the 
underlying  architecture).  As  with  hardware,  processes  exist  for  developing 
these  standards  based  on  consensus. 

In  the  case  of  the  AWA  system,  there  will  be  a  significant  fraction  of  the 
hardware  and  software  that  is  designed  specifically  for  the  system.  This  will 
be  due  to  performance  requirements  or  due  to  the  uniqueness  of  the  mission. 
The  use  of  custom  components  does  not  mean  that  the  interfaces  should  be 
unique  to  that  component  and  to  the  vendor  that  produced  it.  A  standards 
process  similar  to  those  used  in  the  commercial  world  should  be  employed. 

The  standards  processes  that  have  worked  well  in  practice  are  based 
on  discussion  and  consensus.  Having  the  Navy  specify  the  architecture  and 
all  of  the  interfaces  will  not  work  well,  since  the  Navy  has  limited  technical 
manpower  and  the  task  would  most  likely  be  assigned  to  a  contractor.  The 
result  would  be  an  architecture  designed  by  that  contractor  with  the  inter¬ 
faces  imposed  by  fiat.  The  Navy  should  focus  its  efforts  on  the  development 
of  requirements,  which  will  include  capabilities  but  should  go  beyond  that 
and  specify  that  the  architecture  be  open  and  extensible.  Interested  par¬ 
ties,  including  contractors,  can  then  be  involved  in  a  process  that  defines  the 
architecture  and  develops  standards  for  all  of  the  hardware  and  software  in¬ 
terfaces.  In  the  following  we  present  two  examples  of  successful  management 
of  open  architectures  and  hardware  standards. 

5.4.2  Development  of  Open  Architecture 


The  software  developed  for  the  AMRFC  testbed  ([72],  Section  5.3.1) 
provides  an  excellent  example  of  an  extensible  open  architecture,  and  should 
be  used  as  a  key  component  in  developing  the  formal  protocols  for  future 
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integrated  topsides  development.  Furthermore,  we  note  that  the  Navy  has 
developed  excellent  open  architecture  standards  [73,  74]  that  will  further 
serve  as  a  basis  for  the  program. 

We  consider  the  Internet  Engineering  Task  Force  (IETF)  an  excellent 
example  of  the  type  of  mechanism  that  the  Navy  should  use  in  defining  the 
Open  Architecture  standards  for  multi-functional  phased  array  RE  systems. 
The  IETF  is  the  group  that  develops  and  promotes  Internet  standards.  It 
is  responsible  for  the  ubiquitous  TCP//P  protocol  suite,  and  for  all  of  the 
protocols  that  make  up  the  Internet.  It  is  organized  as  a  large  collection  of 
working  groups,  each  of  which  deals  with  a  specified  topic.  These  groups  are 
created  to  deal  with  a  specific  topic  and  once  that  topic  has  been  addressed 
the  working  group  disbands.  Each  working  group  has  a  chair  and  a  charter 
that  describes  its  tasking.  The  working  groups  are  organized  into  subject 
areas  and  these  areas  are  governed  by  an  area  director  who  appoints  the 
working  group  chairs.  The  area  directors  along  with  the  IETF  chair  for 
the  Internet  Engineering  Steering  Group  (lESG)  which  is  responsible  for 
governance  of  the  IETF.  The  IETF  working  groups  operate  fairly  informally, 
reaching  consensus  through  discussions  and  mailing  lists  [75]  and  has  a  set 
of  policies  for  dealing  with  intellectual  property  rights  [72]. 

The  software  system  for  the  AWA  architecture  might  be  addressed  in  a 
similar  way.  By  developing  well  thought  out,  and  where  appropriate,  physi¬ 
cally  based  interfaces  the  AWA  architecture  will  be  flexible  and  able  to  evolve 
as  new  capabilities  become  available. 

5.4,3  Hardware  Standards 


The  development  of  custom  standards  for  the  multifunction  phased  ar- 
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ray  RF  systems  will  of  necessity  involve  some  spiral  evolution  due  to  the  rapid 
evolution  (see  Section  6)  expected  in  the  electronics  capabilities.  However, 
the  existing  model  developed  for  the  AMRFC  testbed  provides  an  excellent 
starting  point.  An  example  of  the  type  of  flexible  modularity  built  into  that 
system  is  the  use  of  multiple  channel  receive  and  transmit  modules.  Design 
of  a  standardized  interface  design  that  will  allow  the  number  and  type  of  such 
modules  to  be  rapidly  changed  is  an  example  of  the  type  of  standardization 
that  will  be  essential  to  optimize  development  of  multi-function  phased  array 
RF  systems. 

In  developing  hardware  standards,  the  commercial  standardization  pro¬ 
cesses  tend  to  be  more  formal  than  those  described  above  for  software  stan¬ 
dards.  For  example,  the  Institute  of  Electrical  and  Electronics  Engineers 
(IEEE)  is  one  of  the  leading  standards  organizations  in  the  world,  and 
through  the  IEEE  Standards  Association  (lEEE-SA)  has  a  process  that  has 
developed  and  promoted  many  of  the  standards  in  use  today. 

The  IEEE  process  is  more  formal  than  the  IETF  process,  and  consists 
of  several  steps.  The  success  of  this  process  is  unquestionable,  as  evidenced 
by  the  interoperability  of  hardware  components  used  in  modern  electronics. 

The  IEEE  standards  process  can  be  divided  into  seven  steps: 

I.  A  proposed  standard  must  secure  sponsorship  from  an  IEEE-approved 
organization.  This  organization  will  be  responsible  for  shepherding 
the  proposed  standard  through  the  process.  Examples  of  these  IEEE- 
approved  organizations  are  the  various  societies  of  the  IEEE  and  their 
technical  committees. 

In  the  case  of  the  AWA  system,  the  sponsor  would  be  the  entity  that 
wants  to  promulgate  a  given  standard. 
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2.  In  order  to  initiate  a  standards  project,  a  Project  Authorization  Re¬ 
quest  (PAR)  is  submitted  to  the  lEEE-SA  Standards  Board  and  it  is 
reviews  by  the  New  Standards  Committee  which  makes  recommenda¬ 
tions  to  the  Board  regarding  approval  of  the  PAR. 

In  the  case  of  the  AWA  system,  this  could  be  a  steering  committee 
put  together  by  the  Navy  to  manage  the  standards  process.  It  would 
include  representatives  from  the  Navy  as  well  as  contractors. 

3.  A  working  group  is  then  assembled.  The  rules  of  the  lEEE-SA  ensure 
that  the  working  groups  are  open  and  that  all  qualified  individuals 
have  the  right  to  attend  and  contribute  to  the  meetings  of  the  working 
group. 

4.  The  working  group  prepares  a  draft  of  the  proposed  standard  that 
follows  the  IEEE  Standards  Style  manual. 

5.  The  draft  standard  prepared  by  the  working  group  is  submitted  to  the 
IEEE  Standards  Department  which  sends  an  invitation-to-ballot  to  any 
individual  who  has  expressed  interest  in  the  standard. 

In  the  case  of  the  AWA  system,  this  could  be  the  same  steering  com¬ 
mittee  that  has  been  put  into  place  to  guide  the  standards  process. 

6.  If  the  balloting  results  in  75%  approval  then  the  draft  standard  is  sub¬ 
mitted  to  the  lEEE-SA  Standards  Board  Review  Committee.  This 
committee  reviews  the  standard  for  compliance  with  IEEE  Standards 
Board  rules  given  in  the  lEEE-SA  Standards  Board  Operations  Man¬ 
ual,  and  recommends  whether  the  standard  should  be  approved. 

7.  The  lEEE-SA  Standards  Board  conducts  a  final  vote  on  the  .proposed 
standard.  A  simple  majority  is  required  to  approve  the  standard. 
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6  DESIGN  PATHS 


For  multifunction  apertures,  the  key  design  objectives  are  functionality, 
robustness  and  cost,  where  cost  includes  not  only  the  initial  purchase  cost, 
but  also  the  continuing  operations  and  maintenance  costs,  and  the  costs 
of  future  upgrades.  At  present  Multifunction  Radio  Frequency  Apertures 
(MFRFAs)  are  planned  to  serve  communications,  radar  and  electronic  war¬ 
fare  functions  over  a  broad  range  of  frequencies.  These  functions  cover  nearly 
all  the  RF  needs  of  naval  ships  and  we  will  focus  discussion  on  the  2  to  20 
GHz  range.  HF,  VHF  and  UHF  frequencies  (3  MHz  to  1  GHz)  can  be  served 
by  separate  apertures  of  other  antenna  types,  e.g.,  monopoles,  helix  and  dish 
antennas. 

In  the  design  process,  definition  of  the  objectives  and  then  requirements 
for  a  system  are  the  key  elements  in  the  design  process  as  diagrammed  below 
in  Figure  26.  All  the  rest  of  the  design  flows  from  the  objectives  (broad  goals 
of  system)  and  the  requirements  for  a  specific  application.  A  second  key 
part  of  the  design  process  is  the  definition  of  measures  of  effectiveness,  such 
as  cost,  robustness  against  failures  and  damage,  as  well  as  functionality  and 
timeliness. 

Such  a  design  process  presumably  guided  the  design  for  the  AMRFC  test 
bed.  The  multifunction  apertures  for  Integrated  Topside  should  be  guided 
by  the  same  design  process.  Engaging  in  a  spiral  design  process  will  lead 
to  the  most  effective  selection  of  research  activities  most  likely  to  have  a 
high  payoff  in  moving  multifunction  apertures  into  the  Navy's  fleet.  The 
team  that  designed  the  AMRFC  test  bed  has  the  skills  to  do  this.  As  a  step 
in  the  multifunction  aperture  design  process  for  integrated  topsides  for  the 
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System 


Figure  26:  Block  diagram  of  a  system  design  process  (adapted  from  Wertz 
and  Larson  [76]) .  Note  how  the  result  (baseline  system  design)  of  the  design 
process  feeds  back  to  the  requirements  and  constrains,  as  might  happen  if 
the  basehne  design  satisfied  the  requirements,  but  not  the  cost  constraint. 
The  notations  A  — >  B  (B  — >  C)  indicate  that  the  feedback  will  be  designed 
specifically  to  evaluate  and  integrate  new  technical  capabilities  in  a  spiral 
evolution.  \ 

Navy,  we  have  identified  three  distinct  design  pathways  (analogous  to  the 
alternative  system  architectures  A,B,  &  C  in  Figure  26).  We  describe  these 
paths  below,  characterizing  them  briefly  and  discussing  their  advantages  and 
disadvantages. 


The  three  design  pathways  that  we  considered  are  constructed  from 
interaction  with  many  sources  of  information  and  advice.  Three  distinct 
options  have  emerged  as  follows: 
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•  Path  A  is  a  baseline  path  and  features  implementing  currently  avail¬ 
able  cost- saving  technology  into  an  AMRFC-like  architecture 

•  Path  B  features  "going  with  the  flow"  of  mainstream  technological 
advance  dictated  largely  by  adapting  emerging  commercial  technolo¬ 
gies 

•  Path  C  features  advanced  technology  that  requires  developing  and 
applying  custom  technologies  specific  to  multifunction  apertures. 

In  all  these  pathways  the  transmit  and  receive  apertures  are  separated 
to  achieve  as  much  isolation  as  possible,  with  an  achieved  level  of  80  to  100 

dB. 


To  contrast  the  different  pathways  we  will  focus  on  the  following  features 
of  the  design: 

•  Location  in  the  signal  paths  at  which  the  transition  between  analog 
and  digital  signal  flow  occurs 

•  Method  of  beam  forming  and  steering 

•  Method  of  accommodating  the  need  for  wideband  linear  RF  amplifiers 

•  Likely  cost  considerations  based  on  dual  use  to  secure  lower  cost 

•  Performance  and  technological  risk 

Path  A,  currently  available  technology  with  AMRFC-like  ar¬ 
chitecture:  This  path  is  the  lowest  risk  and  would  produce  a  working  system 
most  quickly.  This  path  would  employ  technology  similar  to  the  existing 
AMRFC  test  bed,  modified  to  exploit  low-cost  manufacturing  and  COTS 
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components.  A  high  level  view  of  the  AMRFC  system  architecture  A  is 
summarized  in  the  following  block  diagram,  Figure  27.  In  this  design  path 
the  divide  between  digital  and  analog  signals  takes  place  as  follows  for  the 
transmit  and  receive  functions: 


Figure  27:  Block  diagram  of  AMRFC  test  bed  showing  high-level  system 
architecture.  This  characterizes  design  path  A.  (After  Tavik  et  al. ,  [4]). 

•  Transmit:  Both  wideband  and  narrow  band  signals  are  generated  dig¬ 
itally  (direct  digital  synthesis,  DDS)  at  baseband  (information  bandwidth), 
converted  to  analog  (DAC)  and  then  multiplied  and/or  heterodyned  up  to 
the  RF  transmit  frequency.  Up  to  four  different  signals  can  be  generated 
and  distributed  to  any  of  the  four  quadrants  of  the  antenna  array.  Each 
quadrant  is  assigned  only  one  signal  at  one  time,  although  time-multiplexing 
of  two  signals  is  allowed  for  EA  application.  Wideband  waveforms  up  to  1 
GHz  bandwidth  can  be  accommodated.  Narrowband  signals  of  ~  25  to  100 
MHz  bandwidth,  but  high  spectral  purity,  are  also  generated  by  DDS,  but 
in  a  separate  path.  The  analog  signals  thus  produced  are  used  to  modulate 
an  optical  signal  and  fiber  optics  are  used  to  relay  the  analog  signals  to  the 
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transmit  modules  in  the  array  for  amplification  and  transmission.  Near  the 
aperture  the  light  signals  are  detected  (producing  an  analog  RF  signal) .  The 
phase  shifting  to  feed  individual  elements  and  accomplish  beamforming  is 
done  after  the  conversion  from  light  signals  back  to  analog  RF.  The  final  RF 
amplifiers  are  class  AB  linear  amplifiers  with  an  efficiency  of  about  35-40%. 
This  means  that  for  high  power  applications,  cooling  must  be  provided  to  re¬ 
move  heat  dissipation  equal  to  the  power  transmitted  -  in  addition  to  heat 
generated  by  other  electronics  near  the  aperture  face.  The  highest  power 
transmit  signal  is  typically  the  air  surveillance  and  tracking  radar  and  this 
requires  typically  ~  5  to  10  kW  average  power.  Thus,  about  5  to  10  kW  of 
heat  would  need  to  be  removed  over  the  area  of  the  aperture  due  to  losses 
in  the  RF  amplifiers.  The  other  transmit  signals  (see  Table  1,  Section  2)  are 
much  lower  power,  and  cooling  demands  would  be  less  severe  for  apertures 
dedicated  to  combinations  of  these  lower-power  functions. 

•  Receive:  The  receive  array  is  divided  into  9  sub-apertures  containing 
128  antenna  elements  each.  The  signal  from  each  antenna  is  partitioned 
into  four  separate  receive  modules,  allowing  four  fully  independent  beams  or 
functions  to  be  handled  simultaneously.  Beam  forming  is  performed  at  the 
sub-aperture  for  each  of  the  four  functions  [4].  The  summed  signals  are  then 
power-split,  to  allow  processing  in  one  of  the  three  different  paths  shown 
in  Figure  27.  In  the  analog  path,  three,  six  or  nine  of  the  sub-aperture 
signals  for  each  function  are  combined  using  wide-band  power  combiners. 
Demonstrations  of  communications  and  radar  functions  were  performed  using 
the  analog  path  [4].  In  the  narrow-band  digital  path,  a  subset  of  the  sub¬ 
aperture  signals  are  downconverted  to  a  75  MHz  IF  and  digitized  to  14  bits. 
The  digital  signals  are  transmitted  to  the  DSP  via  fiber  optics  for  final  beam 
forming.  In  the  wide-band  digital  path,  a  sub-set  of  the  sub-aperture  signals 


are  downconverted  to  a  720  MHz  IF  (230  MHz  bandwidth) ,  and  digitized 
at  8  bits.  The  second  stage  of  beam  forming,  this  time  with  with  true-time 
delay,  is  performed  at  IF  and  the  final  beams  are  transmitted  over  fiber  optic 
to  the  DSP. 

The  technology  used  in  path  A  was  designed  to  test  functional  perfor¬ 
mance  and  hence  is  relatively  expensive.  If  more  multifunction  apertures  were 
built  using  the  path  A  approach  one  could  expect  some  savings  on  design 
and  on  larger  production  lots  for  the  array  electronics.  In  addition,  spe¬ 
cific  development  of  low-cost  manufacturing  processes,  and  the  use  of  COTS 
components  wherever  possible  would  be  needed  to  significantly  lower  cost. 
In  overall  system  design  (see  Section  5) ,  careful  trade-offs  involving  limiting 
function  on  certain  aperture  elements,  which  would  lower  per-element  costs, 
could  be  used  to  further  limit  costs. 

We  also  note  that  a  number  of  commercially  driven  materials  devel¬ 
opments  offering  improved  performance  for  wider  band  applications  and/or 
lower  cost  are  presently  in  the  engineering  design  and  test  stage,  e.g. ,  MEMS 
phase  shifters,  BST  phase  shifters  and  GaN  amplifiers  (see  Section  3).  De¬ 
pending  on  the  viability  of  these  developments  the  Navy  could  leverage  the 
commercial  research  investment  in  these  devices  for  multifunction  aperture 
considerations  within  the  architecture  of  design  path  A. 

However,  the  system  design  does  use  circuit  architectures  predicated  on 
the  design  choices  of  GaAs  MMICs.  Achieving  the  very  large  cost  reductions 
that  may  occur  as  RF-CMOS  designs  move  into  more  demanding  commercial 
applications  would  require  substantial  changes  in  the  AMRFC  architecture. 
The  functionality  of  a  path  A  design  is  impressive,  but  would  need  to  be 
enhanced  significantly  to  accommodate  the  cost  and  functional  needs  of  an 
integrated  topside,  such  as  the  Littoral  Combat  Ship  (LCS). 
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The  advantages  of  path  A  focus  on  the  following: 


•  Demonstrated  design,  so  technological  risk  is  low. 

•  Limited  research  costs 

•  Early  availability  for  use  in  fleet 

•  Potential  for  lowered  costs  with  existing  COTS,  improved  manufactur¬ 
ing 

The  disadvantages  of  path  A  can  be  summarized  as  follows: 

•  Limited  functionality  relative  to  more  advanced  technologies  of  paths 
Band  C 

•  Multifunction  limited  to  switching  between  different  sub-arrays 

•  Limited  potential  for  advanced  digital  processing 

•  Final  transmit  signal  amplification  would  be  done  by  class  AB  linear 
amplifiers  and  suffer  the  50%  efficiency  of  this  method 

In  summary  path  A  is  a  near  term,  low  risk  option.  Most  of  the  research 
has  been  done  and  improvements  over  the  AMRFC  test  bed  would  be  in  terms 
of  lowering  cost  and  enhancing  functionality  (more  beams,  more  channels, 
etc.)  by  expansion  based  on  demonstrated  COTS  technology.  However,  in 
terms  of  the  paths  A,  Band  C  discussed  here,  path  A  would  have  the  least 
functionality  -  though  it  would  still  represent  a  very  significant  step  forward. 

Path  B  features  "going  with  the  flow"  of  mainstream  techno¬ 
logical  advance  dictated  largely  hy  commercial  applications:  Com¬ 
mercial  developments  in  RF-CMOS  are  changing  the  design  rules  that  govern 


performance  and  cost  for  the  front  end  electronics  in  phased  arrays.  Path 
B  seeks  to  take  maximum  advantage  of  these  trends  as  in  the  notional  de¬ 
sign  suggested  in  Section  4.1  and  the  commercial  developments  discussed  in 
Section  4.3.  Principal  design  features  are  illustrated  in  Figures  10  and  20  of 
Section  4  and  summarized  as  follows: 

•  The  cost  advantages  of  CMOS  technology  fabrication,  e.g.,  mixers,  al¬ 
low  parallel  processing  of  virtually  all  beams  individually  in  parallel 
structures  as  illustrated  in  Figure  10. 

•  Parallelism  allows  use  of  lower  resolution  DAC's  and  ADC's 

•  Beamforming  would  be  done  primarily  in  the  digital  domain  (after 
down  conversion  on  receive  and  before  up  conversion  on  transmit) 

On  transmit  the  waveforms  would  be  generated  digitally  and  converted  to 
analog  at  the  intermediate  frequency  which  would  then  be  up  converted  to 
the  desired  transmit  frequency  and  amplified  for  final  delivery  to  the  array 
antenna  elements.  Each  function  may  need  to  be  treated  individually  by 
use  of  parallel  transmit  modules.  The  phase-shifting  (or  true-time  delay) 
would  be  done  either  at  up-conversion  from  IF,  or  digitally  before  DAC,  up 
conversion  and  final  amplification. 

On  receive  each  beam  or  functional  component  of  each  antenna  element 
would  be  treated  individually  with  down  conversion  in  parallel  channels  (viz. 
Figure  10  in  Section  4).  The  beam  forming  would  be  done  either  by  a  dig¬ 
itally  controlled  VCO  in  the  down  conversion  mixer  or  digitally,  with  true 
time  delay,  after  the  ADC.  By  separating  the  signal  into  functional  channels 
individually  at  the  antenna  elements,  the  required  resolution  of  the  individual 
ADC's  is  relaxed  and  wider  bandwidth  signals  can  be  accommodated. 
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The  philosophy  of  path  B  is  to  use  duplication  of  subsystems  that  are 
cheap  in  CMOS.  Beamforming  would  be  done  at  the  intermediate  frequency 
level  either  by  using  CMOS  voltage  controlled  oscillators  or  in  the  digital 
domain.  This  approach  allows  one  the  benefits  of  the  cost  savings  associated 
with  CMOS  technology  fabrication. 

The  advantages  of  path  B  focus  on  the  following: 

•  Lowering  cost  by  taking  advantage  of  the  economics  of  CMOS  fabrica¬ 
tion  and  other  processes  rendered  less  expensive  because  of  large-scale 
commercial  markets 

•  Leveraging  research  investments  aimed  at  the  commercial  market  by 
using  these  parts  for  multifunction  aperture  applications 

•  Redundancy  of  many  parallel  channels  allows  easy  remediation  of  fail¬ 
ures  in  a  single  channel. 

•  Increased  ability  to  use  digital  techniques  e.g.,  for  non-linear  distortion 
in  front-end  processing  of  the  waveforms. 

•  Relatively  early  introduction  to  the  fleet 

The  disadvantages  of  path  B  can  be  summarized  as  follows: 

•  Possible  increase  in  relative  complexity  due  to  the  need  to  control  many 
parallel  channels 

•  Final  transmit  signal  amplification  would  be  done  by  class  E  tuned  RE 
amplifiers  which  would  limit  bandwidth,  without  returning  or  multiple 
channes  to  the  hundreds  of  MHz  range 


In  summary  path  B  is  a  medium  term,  moderate  risk  option.  The 
notional  design  ideas  of  Section  4  above  would  be  exploited  to  maximize 
the  use  of  RF  CMOS  technology.  This  would  allow  cost  reduction  by  the 
use  of  commercial  fabrication  facilities  that  can  amortize  costs  over  a  large 
commercial  market  and  must  do  so  to  be  competitive.  In  terms  of  the  paths 
A,  Band  C  discussed  here,  path  B  would  likely  have  more  functionality  than 
path  A  and  less  than  path  C,  but  the  design  process  of  Figure  26  would  need 
to  be  exercised  to  determine  the  final  outcome. 

Path  C  features  advanced  technology  that  requires  research 
specific  to  multifunction  apertures:  This  path  features  advanced  tech¬ 
nology  that  is  currently  in  the  research  and/or  development  stage  and  has 
decided  advantages  for  multifunction  RF  apertures.  The  vision  for  Path  C 
is  to  achieve  a  design  that  permits  maximum  functionality  with  the  smallest 
amount  of  front-end  electronics.  This  goal  would  be  achieved  by  putting  the 
digital  to  analog  interface  as  close  to  the  antenna  elements  as  possible,  and 
thus  permitting  the  needed  flexibility  to  control  all  the  needed  RF  functions 
digitally.  Further,  the  goal  is  to  implement  this  plan  with  maximum  efficiency 
to  reduce  the  heat  removal  load  on  transmit.  To  accomplish  this  high  level 
of  performance  a  number  of  technological  innovations  and  advancements  are 
needed,  for  example: 

•  Specific  design  of  ADC,  DAC,  beam  summation  and  amplification  elec¬ 
tronics  to  match  the  requirements  of  active  electronically  steered  arrays. 

•  Very  high  speed  ADC  and  DAC  functions  to  match  the  highest  RF 
frequencies  to  be  used  by  the  aperture. 

•  High  resolution  ADCs  to  provide  the  high  dynamic  range  needed  for 
extremely  wide  bandwidths 
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•  High  efficiency,  very  linear,  wideband  power  amplifiers  for  transmit,  or 
an  equivalent  digital  method  based  on  delta-sigma  DAC  ideas. 

Some  of  the  technologies  to  implement  this  advanced  vision  would  be  ex¬ 
tremely  high-speed  semiconductor  electronics  and  designs  and  devices  for 
direct  digital  synthesis  at  high  output  power.  See  for  instance  dicussions  in 
Section  4.2.1  and  Appendix  D. 

The  advantage  of  this  path  is  that  it  would,  in  principle,  allow  an  almost 
completely  digital  RF  system  that  could  very  flexibly  employ  the  physical 
aperture  to  do  all  the  needed  functions  without  the  complication  of  segment¬ 
ing  the  system  into  frequency  bands  with  the  associated  problems  of  schedul¬ 
ing  and  construction  complexity.  Such  a  multifunction  aperture  would  allow 
the  user  to  change  whole  methods  of  communications,  surveillance  and  elec¬ 
tronic  warfare  in  software.  This  would  enable  Navy  ships  to  adapt  to  the 
tactics  of  adversaries  very  rapidly  and  thus  'get  inside  their  innovation  loop. 

The  disadvantages  of  the  approach  of  path  C  are  the  high  technology 
risk,  cost  and  timeliness.  Pushing  signal  handling  methods  now  in  use  in 
audio,  ultrasound  and  digital  imaging  applications  to  the  frequencies  needed 
for  active  electronically  steered  arrays  is  inherently  difficult  and  risky.  Even 
if  this  succeeds,  the  cost  of  systems  and  devices  that  are  specific  to  multi¬ 
function  apertures  will  almost  surely  exceed  the  cost  of  path  B  in  which  com¬ 
mercial  developments  are  leveraged.  The  time  for  this  approach  to  find  ap¬ 
plication  in  the  fleet  will  be  longer  to  accommodate  the  needed  research  and 
development.  It  would  be  unwise  to  focus  solely  on  this  approach.  However 
it  is  essential  to  insure  that  the  design  path  is  flexible  and  that  standardized 
interfaces  and  software  architectures  are  used,  so  that  future  developments 


in  this  high-risk/high-pay-off  arena  can  be  readily  implemented  into  evolving 
Integrated  Topsides  systems. 

Our  recommendation:  On  balance  and  given  the  potential  cost  bene¬ 
fits  of  CMOS-RF  front  ends,  path  B  with  parallel  transmit/receive  processing 
elements  for  different  RF  functions  at  different  frequencies  is  the  most  likely 
path  to  Naval  implementation  of  wideband  multifunction  apertures.  How¬ 
ever,  path  C  offers  the  prospect  of  the  discovery  and  reduction  to  practice 
of  advanced  methods  that  could  make  multifunction  apertures  more  effective 
and  efficient,  but  probably  with  higher  cost.  The  paths  A,  Band  C  should 
be  thought  of  as  a  spiral  development,  in  which  the  investments  in  each 
sequential  stage  are  determined  based  on  the  results  of  the  previous  stage. 
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7  CONCLUSIONS 


The  development  of  flexible  and  adaptable  active  phased  array  systems, 
as  envisioned  in  the  Integrated  Topsides  Program,  is  essential  to  maintaining 
Naval  superiority  in  radio  frequency  functions  such  as  radar,  communications 
and  electronic  warfare.  In  addition,  the  program  is  needed  to  control  costs 
and  address  issues  of  radar  cross  section,  fratricidal  electromagnetic  interfer¬ 
ence,  and  topside  weight.  The  Integrated  Topsides  concept  has  outstanding 
potential  to  address  all  of  these  issues,  because  technology  developments  di¬ 
rectly  applicable  to  program  needs  are  now  available,  with  rapidly  improving 
capabilities. 

A  key  element  in  developing  the  next  generation  of  active  phased  array 
technology  rests  in  high-speed,  high-power  semiconductor  electronics.  The 
Department  of  Defense  has  played  a  key  role  in  supporting  the  development 
of  fast  and  high-power  semiconductor  materials  and  devices,  which  in  turn 
have  played  a  major  role  in  the  development  of  commercial  technologies  such 
as  wireless  communications.  As  a  result,  there  is  now  a  dynamic  commercial 
enterprise  involved  in  rapid  development  of  new  and  relevant  RF  capabilities. 
This  gives  the  DoD  the  opportunity  to  recoup  some  of  its  initial  investment 
by  exploiting  the  efficiencies  of  scale  in  commercial  components.  In  addition, 
the  new  technologies  will  allow  a  rapid  transition  from  the  historical  analog 
signal  processing  used  in  phased  array  systems,  to  more  powerful  digital 
approaches,  this  turn  provides  additional  cost  benefits  by  allowing  software- 
based  detection,  calibration  and  correction  of  hardware  weakness.  We  have 
addressed  specific  opportunities  in  relevant  technologies  in  Sections  3  and 
4,  and  detailed  technical  findings  are  presented  at  the  end  of  each  of  those 
sections. 
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A  second  key  element  in  developing  the  multi-functional  arrays  of  the 
Integrated  Topsides  Program  is  management  of  the  complexity  of  the  overall 
system.  The  Navy  has  supported  an  excellent  technology  demonstration  in 
the  AMFRC  program,  which  has  demonstrated  the  principles  of  the  neces¬ 
sary  management.  These  include  the  care  in  design  and  placement  of  multi¬ 
function  array  configurations  to  avoid  interference,  and  to  allow  rapid  test 
and  calibration.  Also  included  is  the  use  of  open  architectures  and  standard¬ 
ized  interfaces  to  allow  ready  reconfiguration,  adaptation  and  integration  of 
new  technological  capabilities.  This  adaptability  is  also  important  in  insur¬ 
ing  robust  system  operation  with  respect  to  failure  of  individual  components, 
as  well  as  adaptability  to  changing  battlefield  environments.  In  addition,  the 
AMFRC  program  demonstrated  dynamic  priority-based  allocation  of  the  re¬ 
sources  of  the  multi-functional  arrays  to  the  different  functions  depending  on 
the  tactical  environment.  Continuing  with  and  formalizing  these  practices, 
as  described  in  Section  5,  under  the  direction  of  cognizant  Naval  personnel  is 
required  for  fully  realizing  the  potential  of  the  Integrated  Topsides  Program. 

The  importance  of  open,  adaptable  hardware  and  software  interfaces 
cannot  be  overemphasized:  Because  the  technology  base  is  evolving  rapidly, 
immutable  decisions  about  the  system  configuration  should  not  be  made 
early  in  the  program.  Instead,  a  spiral  development  program  should  be  im¬ 
plemented,  as  described  in  Section  6.  The  first  coil  of  the  spiral  would  use 
immediately  available  technology  to  develop  low-cost  prototypes  that  demon¬ 
strate  one  or  more  aspects  of  the  entire  desired  functionality.  Based  on  the 
success  and  lessons  of  the  prototypes,  more  advanced  commercial  technol¬ 
ogy  developments  would  be  used  to  guide  design  of  systems  with  improved 
multiple-function  and  well-controlled  cost.  Increased  use  of  digital  processing 
will  play  a  key  role  in  improving  function  while  limiting  cost.  Finally,  the 
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results  of  long-term  applied  research  and  development  on  highly  specialized 
capabilities  should  be  incorporated  in  the  system  subject  to  the  cost  and 
benefits  of  improved  function. 


115 


References 


[1]  R.  A.  Axford,  R.  W.  Major  and  J.  W.  Rockway,  Space  and  Naval  War¬ 
fare  Systems  Center,  "An  Assessment  of  Multi-function  Phased  Array 
Antennas  for  Modern  Military  Platforms,"  IEEE  (2003). 

[2]  G.  Tavik,  NRL  5303,  "Example  Architecture  for  ECS,"  private  commu¬ 
nication. 

[3]  Junker,  B.  "Multi-function  arrays  and  Integrated  Topside,"  briefing  June 
2006. 

[4]  Tavik,  G. ,  C.  L.  Hilterbrick,  J.  B.  Evins,J.  J.  Alter,  J.  G.  Crnkovich,  Jr. , 
J.  W.  deGraaf,  W.  Habicht  II,  G.  P  Hrin,  S.  A.  Eessin,  D.  C.  Wu  and 
S.  M.  Hagewood,  "The  Advanced  Multifunction  RE  Concept,"  IEEE 
Trans.  Microwave  Theory  and  Techiques  53,  1009,  (2005). 

[5]  Skolnik,  M.  1.,  Introduction  to  Radar  Systems,  2d  Ed.,  McGraw-Hill, 
New  York,  1980. 

[6]  Parker,  D.  and  D.  C.  Zimmerman,  "Phased  Arrays  -  Part  I:  Theory 
and  Architecture,"  IEEE  Transactions  on  Microwave  Theory  and  Tech¬ 
niques"  ,678,  2002. 

[7]  Niehenke,  E.  C.,  R.  A.  Pucel,  1.  J.  Bahl,  "Micowave  and  millimeter- 
wave  integrated  circuits,"  IEEE  Transactions  on  Microwave  Theory  and 
Techniques,  50,  846,  2002. 

[8]  Kopp,  B.  A.,  M.  Borkowski,  and  G.  Jerinic,  "Transmit  Receive  Mod¬ 
ules,"  IEEE  Transactions  on  Microwave  Theory  and  Techniques",  50, 
827,  2002. 

[9]  Downey,  A.  N.,  G.  E.  Ponchak,  and  R.  R.  Romanofsky,  "Monolithic 
Microwave  Integrated  Circuits,"  in  GaAs  MMIC  Reliability  Assurance 
Guideline  for  Space  Applications,  JPL  Publication  96-25,  eds.  S.  Kayali, 
G.  Ponchak,  R.  Shaw  (1996). 

[10]  Acikel,  B.,  Troy  R.  Taylor,  Peter  J.  Hansen,  James  S.  Speck,  and  Robert 
A.  York,  "A  New  High  Performance  Phase  Shifter  using  BaxSrl-xT03 


117 


Thin  Films",  IEEE  Microwave  and  Wireless  Components  Eetters,  12, 
1531  (2002). 

[11]  Miranda,  E.  A.,  E.W.  Van  Keuls,  R  R  Romanofsky,  C.  H.  Mueller,  and 
J.  D.  Warner,  "Eife  Cycle  Testing  of  BaxSrl-xTi03  Eerroelectric  Thin 
Eilms  in  a  Tunable  Microwave  Device,"  NASA/TM2000-210523 

[12]  Park,  J. ,  J.  W.  Eu,  D.  S.  Boesch,  S.  Stemmer,  and  RA.  York,  "Dis¬ 
tributed  Phase  Shifter  with  Pyrochlore  Bismuth  Zinc  Niobate  Thin 
Eilms,"  IEEE  Microwave  and  Wireless  Components  Eetters,  16,  264, 
2006 

[13]  "Special  Technology  Area  Review  on  RE  Applications  for  Wide  Bandgap 
Technology,"  Report  of  the  DoD  Advisory  Group  on  Electron  Devices, 
AGED  Secretariat,  2002. 

[14]  Van  Genderen,  P.,  "State  ofthe  Art  and  Trends  in  Phased  Array  Radar", 
in  Perspectives  on  Radio  Astronomy  Technologies  for  Earge  Antenna 
Arrays,  Netherlands  Eoundation  for  Research  in  Astronomy  -  1999. 

[15]  Radmanesh,  M.  M. ,  Radio  Erequency  and  Microwave  Electronics,  Pren¬ 
tice  Hall,  New  Jersey,  (2001). 

[16]  Wu,  Y-F.,  B.  P.  Keller,  S.  Keller,  D.  Kapolnek,  P.  Kozodoy,  S.  P. 
Denbaars,  and  U.  K.  Mishra,  "Very  high  breakdown  voltage  and  large 
transconductance  realized  on  GaN  heterojunction  field  effect  transis¬ 
tors",  App!.  Phys.  Eett.  69,  1438  (1996). 

[17]  Mishra,  Umesh  K. ,  "GaN  Microwave  Electronics",  IEEE  Transactions 
on  Microwave  Theory  and  Techniques"  46,  756  (1998). 

[18]  Kimball,  D. ,  Paul  Draxler,  Jinho  Jeong,  Chin  Hsia,  Sandro  Eanfranco, 
Walter  Nagy,  Kevin  Einthicum,  Earry  Earson  and  Peter  Asbeck,  "50% 
PAE  WCDMA  Basestation  Amplifier  Implemented  with  GaN  HEETs", 
Compound  Semiconductor  Integrated  Circuit  Symposium  (2005). 

[19]  Hamimiri,  A. ,  H.  Hashemi,  A.  Natarajan,X.  Guan,  A.  Komijani,  "Inte¬ 
grated  Phased  Array  Systems  in  Silicon,"  Proc.  IEEE  93,  1637,  (2005). 


118 


[20]  Smolers,  B. ,  J.-Geralt  bij  de  Vaate,  D.  Kant,  A.  Van  Ardenne,  D. 
Schaubert  and  T.-H.  Chio  "Dual-beam  Wide-band  Beamformer  with  In¬ 
tegrated  Antenna  Array,"  Millennium.  Conference  Antennas  and  Prop¬ 
agation,  Davos,  April  2000. 

[21]  Ender,  J.  H.  G. ,  H.  Wilden,  U.  Nickel,  R.  Klemm,  A.R.  Brenner,  T. 
Eibert  and  D.  Nussler,  Progress  in  Phased- Array  Radar  Applications, 
proceedings  of  the  2004  Radar  Conference  (EuRad),  2004. 

[22]  Rodwell,  M. ,  "Mixed-Signal  technologies  for  microwave  phased  arrays," 
Presentation  to  JASON  summer  study,  July  (2006). 

[23]  Schreier,  R.  and  G.  C.  Themes,  Understanding  Delta-Sigma  Data 
Converters,  Wiley,  NY  (2004). 

[24]  Wescott,  T. ,  "Sigma-delta  techniques  extend  DAC  resolution,"  Embed¬ 
ded  Systems  Programming  (June  2004). 

[25]  Beis,  E.,  "An  Introduction  to  Delta-Sigma  Converters," 
http:// www.beis.de/Elektronik/DeltaSigma/DeltaSigma.html  (2005). 

[26]  Stroili,  E. ,  J.  Huggett,  D.  Jansen,  R.  Elder,  D.  Rowe,  M.  Vadipour,  R. 
Chan,  and  M.  Eeng,  "Multifunction  Receiver-on-Chip  Technology  for 
Electronic  Warfare  Applications,"  Proceedings  of  the  Government  Mi¬ 
crocircuits  Applications  and  Critical  Technology  Conference,  Monterey 
CA,  2004. 

[27]  Meghelli,  M. ,  A.  V.  Rylyakov,  and  L.  Shan,  "50-Gb/s  SiGe  BiCMOS 
4  :  1  Multiplexer  and  1  :  4  Demultiplexer  for  Serial  Communication 
Systems,"  IEEE  Journal  of  Solid-State  Circuits  37,  1790  2002. 

[28]  http://www.atheros.eom/pt/AR5006EXS.htm 

[29]  Kifie,  M.,  M.  Andro,  M.J.  Vanderaar,  "An  OEDM  System  Using 
Polyphase  Eilter  and  DPT  Architecture  for  Very  High  Data  Rate  Appli¬ 
cations,"  19th  International  Commmunications  Satellite  Systems  Con¬ 
ference,  Toulouse  2001. 


119 


[30]  Williams,  L. ,  D.  Wu,  E.  Staggs,  A.  Yen,  "Ultra-wideband  radio  design 
for  multi-band  OFDM  480  Mb/s  Wireless  USB,"  DesignCon  2005. 

[31]  R  J.  Fontana,  "Recent  System  Applications  of  Short-Pulse  Ultra- 
Wideband  (UWB)  Technology,"  IEEE  Transactions  on  Microwave  The¬ 
ory  and  Techniques,  52  2087,  2004. 

[32]  Bevilacqua,  A.  and  A.M.  Niknejad,  "An  Ultrawideband  CMOS  Low- 
Noise  Amplifier  for  3.110.6-GHz  Wireless  Receivers,"  IEEE  JOURNAL 
OE  SOLID-STATE  CIRCUITS,  39  2259,  2004. 

[33]  Lee,  E.  S.  and  A.  P.  Chandrakasan,  "A  BiCMOS  Ultra-Wideband  3.1- 
10.6  GHz  Eront-End,"  IEEE  JOURNAL  OE  SOLID-STATE  CIRCUITS 
41  1784,  2006. 

[34]  Stoytchev,  M.,  H.  Safar,  A.L.  Moustakas,  S.  Simon,  "Compact  antenna 
arrays  for  MIMO  apphcations,"  IEEE  -  Antennas  and  Propagation  So¬ 
ciety  International  Symposium  Vol.  3,  708  2001 

[35]  "Getting  the  Most  out  of  MIMO:  Boosting  Wireless  LAN  Per¬ 
formance  with  Pull  Compatibility,"  Atheros  communications, 
http://www.atheros.com/pt/papers.html.  2005. 

[36]  Mulliken,  G. ,  P.  Adil,  G.  Cauwenberghs,  and  R  Genov,  "Delta-Sigma 
Algorithmic  Analog-to-Digital  Conversion,"  Proc.  IEEE  Int.  Symp.  on 
Circuits  and  Systems  (ISCAS'2002),  Phoenix,  AZ,  May  26-29,  2002. 

[37]  Preeman,  S.  R,  M.K.  Quick,  M.A.  Morin,  RC.  Anderson,  C.S.  Desilets, 
T.E.  Linnenbrink,  and  M.  ODonnell,  "An  Ultrasound  Beamformer  Using 
Oversampling,"  IEEE  Ultrasonics  Symposium,  1997. 

[38]  Cosand,  A.  E. ,  J.P.  Jensen,  H.C.  Choe,  C.H.  Pields,  "IP-sampling 
fourth-order  bandpass  DS  modulator  for  digital  receiver  applications," 
IEEE  Journal  of  Solid  State  Circuits  39  1633,  2004. 

[39]  DuMais,  G.,  Intelligence  Technology  Innovation  Center,  2006. 

[40]  Mekechuk,  K.  et  al.  ,  High  Prequency  Electronics,  April  2004,  p.  18. 


120 


[41]  P.  B.  Ke?ington,  "High-Linearity  RF  Amplifier  Design",  Artech  House, 
New  York,  2000. 

[42]  E.  Aschbacher,  H.  Arthaber,  and  M.  Rupp,  13^^  European  Signal  Pro¬ 
cessing  Conference,  Antalya,  2005. 

[43]  Cantrell,  B.,  J.  Rao,  G.  Tavik,  M.  Dorsey,  V.  Krichevsky,  "Wideband 
Array  Antenna  Concept,"  IEEE  A&E  Systems  Magazine,  January  2006, 
pp.  9-12. 

[44]  Kragalott,  M. ,  NRL,  "Wideband  Wavelength-Scaled  Antenna  Concept, 
Briefing  July  2006. 

[45]  Rondineau,  S.,  M.  Himdi,  J.  Sorieux,  "A  sliced  spherical  Luneburg  lens," 
Antennas  and  Wireless  Propagation  Letters,  2,  163-6,  2003 

[46]  Maloney,  J.  G. ,  et  al.  "The  fragmented  aperture  antenna:  EDTD  anal¬ 
ysis  and  measurement,"  Millennium  conference  on  antennas  and  propa¬ 
gation,  Davos,  Switzerland,  (2000). 

[47]  Euchs,  B. ,  O.  Lafond,  S.  Rondineau,  M.  Himdi,  "Design  and  charac¬ 
terization  of  half  Maxwell  fish-eye  lens  antennas  in  millimeter  waves," 
IEEE  Transactions  on  Microwave  Theory  and  Techniques,  54,  2292  - 
2300  (2006). 

[48]  Rondineau,  S.,  S.  Romisch,  D.  Popovic,  Z.  Popovic,  "Multibeam 
Spatially-Eed  Antenna  Arrays  with  Amplitude-Controlled  Beam  Steer¬ 
ing,"  DTIC  Accession  Number:  ADPO 17227  (September  2003). 

[49]  Zhou,  Y. ,  S.  Rondineau,  D.  Popovic,  A.  Sayeed,  and  Z.  Popovic,  "Virtual 
Channel  SpaceTime  Processing  With  Dual-Polarization  Discrete  Lens 
Antenna  Arrays,"  IEEE  Transactions  on  Antennas  and  Propagation,  53 
,  Part  I,  2444  -  2455  (2005) 

[50]  Pringle,  L.  N.  Pringle,  et  al. ,  A  Reconfigurable  Aperture  Antenna  Based 
on  Switched  Links  Between  Electrically  Small  Metallic  Patches,  IEEE 
Transactions  on  Antennas  an  Propagation,  62,  1434  (2004). 


121 


[51]  Liu,  L.  and  H.  Jafarkhani,  Transmit  Beamforming  for  a  Large  Recon- 
figurable  Antenna  Array,  IEEE  Globecom  2005  Proceedings,  p.  344. 
(2005). 

[52]  Sorace,  R  ,  "Phased  array  calibration,"  IEEE  Trans.  Ant.  and  Propagat. 
49,4.517-525  (2001). 

[53]  Raney,  R  K. ,  A.  P.  Luscombe,  E.  J.  Eangham,  and  S.  Ahmed,  Radar  sat, 
Proc.  IEEE  79,  6.  839-849  (1991) 

[54]  Eenn,  A.  J.,  "Evaluation  of  adaptive  phased  array  antenna  far-field 
nulling  performance  in  the  near-field  region,"  IEEE  Trans.  Ant.  and 
Propagat.  38,2,  I73-I85  (1990). 

[55]  Aumann,  H.  M. ,  A.  J.  Penn  and  P.  G.  Willwerth,  "Phased  array  an¬ 
tenna  calibration  and  pattern  prediction  using  mutual  coupling  mea¬ 
surements,"  IEEE  Trans.  Ant.  and  Propagat.  37,  7,  844-850  (1989). 

[56]  Shipley,  C.  and  D.  Woods,  "mutual  coupling-based  calibration  of  phased 
array  antennas,"  Proc.  IEEE  Inti.  Conf.  on  Phased  Array  Antenna  Sys¬ 
tems  and  TEchnology  2000,  p.  529-532). 

[57]  Yaghijian,  A.  D. ,  "An  overview  of  near-field  antenna  measurements," 
IEEE  Trans.  Antennas  Propagat.  AP-34,  I,  30-45  (1986) 

[58]  Rahmat-Samii,  Y. ,  L.  1.  Williams  and  R  G.  Yaccarino,  "UCEA's  new 
bi-polar  near-field  antenna  measurement  facility,"  Proc.  1995  IEEE 
Aerospace  Applications  Conference,  Vol.  1,  169-196,  IEEE  Press,  Pis- 
cataway  NJ  (1995). 

[59]  Tavik,  G.,  NRL  5303,  "AMRPC  V2  Array  Design  Study,"  2003. 

[60]  Evins,  J. ,  NRE  5329,  "Multifunction  Electronic  Warfare  (MPEW)," 
2005. 

[61]  Toshihide  Ibaraki  and  Naoki  Katoh.  Resource  Allocation  Problems:  Al¬ 
gorithmic  Approaches.  Poundations  of  Computing.  MIT  Press,  1988. 


122 


[62]  Richard  M.  Karp.,  "Reducibility  among  combinatorial  problems,"  In 
R.  Miller  and  J.  Thatcher,  editors.  Complexity  of  Computer  Computa¬ 
tions,  pages  85-  103.  Plenum  Press,  1972. 

[63]  Onn  Shehory  and  Sarit  Kraus,  "Task  allocation  via  coalition  formation 
among  autonomous  agents,"  In  Proceedings  of  the  Fourteenth  Inter¬ 
national  Joint  Conference  on  Artificial  Intelligence  (IJCAI-95) ,  pages 
655-661,  Montreal,  Quebec,  Canada,  1995. 

[64]  Michael  W.  Carter  and  Craig  A.  Tovey,  "When  is  the  classroom  assign¬ 
ment  problem  hardT'  Operations  Research,  40(81):28- 39,  1992. 

[65]  Giorgio  C.  Buttazzo,  Hard  Real-time  Computing  Systems:  Predictable 
Scheduling  Algorithms  and  Applications.  Kluwer  Academic  Publishers, 
1997. 

[66]  Jane  W.S.  Liu,  Real-Time  Systems.  Prentice- Hall,  2000. 

[67]  Karl  J.  Astrom  and  Bjorn  Wittenmark,  Computer-Controlled  Systems. 
Third  Edition.  Prentice- Hall,  1997. 

[68]  G.  Buttazzo,  G.  Lipari,  L.  Abeni,  and  M.  Caccamo,  Soft  Real-Time 
Systems:  Predictability  versus  Efficiency.  Springer,  2005. 

[69]  Scott  A.  Brandt,  Scott  Banachowski,  Caixue  Lin,  and  Timothy  Bisson, 
Dynamic  integrated  scheduling  of  hard  real-time,  soft  real-time  and  non- 
real-time  processes.  In  Proceedings  of  the  Twenty-fourth  IEEE  Real- 
Time  Systems  Symposium  (RTSS  2003),  pages  396-407,  December  2003. 

[70]  Jogesh  Muppala,  Manish  Malhotra,  and  Kishor  S.  Trivedi,  Markov  de¬ 
pendability  models  of  complex  systems.  In  S.  Ozekici,  editor.  Reliability 
and  Maintenance  of  Complex  Systems,  pages  442-486.  Springer  Verlag, 
Berlin,  1996. 

[71]  G.  S.  Fishman.  Principles  of  Discrete  Event  Simulation.  Wiley  and 
8ons,  New  York,  1978. 

[72]  S.  Bradner,  RFC  3979:  "Intellectual  property  rights  in  IETF  technol¬ 
ogy,"  March  2005. 


123 


[73]  Open  Architecture  (OA)  Computing  Environment  Design  Guidance  Ver¬ 
sion  1.0,  23  August  2004 

[74]  Open  Architecture  (OA)  Computing  Environment  Technologies  and 
Standards  Version  1.0,  23  August  2004 

[75]  S.  Bradner,  REC  2418,  lETE  working  group  guidelines  and  procedures, 
September  1998. 

[76]  Wertz,  J.  R.  and  W.  J.  Larson,  Space  Mission  Analysis  and  Design, 
3rd  ed. ,  Microcosm  Press,  El  Segundo  CA  (1999). 

[77]  Dawood,  M.  and  R.  M.  Narayanan,  "Ambiguity  Eunction  of  an  Ultraw- 
ideband  Random  Noise  Radar,"  IEEE  Antennas  and  Propagation  Soci¬ 
ety  International  Symposium",  Volume  4,  2142-2145  (2000). 

[78]  Cooper,  G.  R.  and  R.  L.  Gassner,  "Analysis  of  a  wideband  radar  sig¬ 
nal  system,"  TR-EE66-9,  Purdue  University,  Layfette,  Indiana,  August, 
1966. 

[79]  Woodward,  P.  M. ,  "Probability  and  Information  Theory  with  Applica¬ 
tions  in  Radar,"  McGraw-Hill  Book  Company  (1955). 

[80]  Bauer,  A.  "Utilisation  of  chaotic  signals  for  radar  and  sonar  purposes," 
Norsig96,  p.  33-36  (1996). 

[81]  Harman,  S.  A. ,  "Chaotic  Signals  in  Radar,"  Talk  at  the  Workshop  on 
Transmission  of  Chaotic  Signals,  Bristol,  England,  August  1-4,  2006 
http://www.enm.bris.ac.uk/workshop/chaotic-signals/ 

[82]  Corron,  N.  J. ,  J.  N.  Blakely,  and  S.  D.  Pethel,  "Beam  Steering  by  Lag 
Synchronization  in  Wide-Band  Chaotic  Arrays,"  CP742,  8th  Experi¬ 
mental  Chaos  Conference,  edited  by  S.  Boccaletti,  et  al,  2004 

[83]  Pellon,  1.  E. ,  "Transversal  Power  DAC",  Slide  Presentation  (Aug.  12, 
2006) 

[84]  Bracewell,  R.  N.,  The  Fourier  Transform  and  its  Applications, 
2nd  Ed.,  McGraw-Hill,  NY  (1978) 


124 


[85]  Rabiner,  L.  R.  and  B.  Gold,  Theory  and  Application  of  Digital 
Signal  Processing,  Prentice-Hall,  Englewood  Cliffs,  NJ  (1975) 

[86]  Chan,  D.  S.  K.  and  L.  R.  Rabiner,  "Analysis  of  quantization  errors  in 
the  direct  form  for  finite  impulse  response  digital  filter,"  IEEE  Trans. 
Audio  &  Electro  acoustics,  AU-21 , 4,  354-366  (1973). 

[87]  J.  G.  Bij  De  Vaate,  "RF-IC  Developments  for  Wide  Band  Phased 
Array  Systems,"  Proceedings  of  Perspectives  on  Radio  Astron¬ 
omy:  Technologies  for  Large  Antenna  Arrays,  Dwingeloo,  (April  1999). 

[88]  T.  H.  Lee,  "The  Design  of  COMS  Radio-Frequency  Integrated  Circuits, 
2d  Edition"  Cambridge  University  Press,  (2004). 

[89]  Parker,  D.  and  D.  C.  Zimmerman,  "Phased  Array  -  Implementations, 
Applications  and  Future  Trends,"  IEEE  Transactions  on  Microwave 
Theory  and  Techniques  50,  688,  2002. 

[90]  Bauer,  A.,  "Chaotic  Signals  for  CW-Ranging  Systems- A  baseband 
model  for  distance  and  bearing  estimation,"  Proc.  IEEE  IS  CAS  3,  Mon¬ 
terey,  CA,  275-278  (1998). 

[91]  Corron,  N.  J.,  J.  N.  Blakely,  and  S.  D.  Pethel,  "Lag  and  anticipating 
synchronization  without  time-delay  coupling,"  Chaos  15,023110  (2005). 

[92]  Lin,  F-Y  and  J.-M.  Liu,  "Chaotic  Radar  Using  Nonlinear  Dynamics," 
IEEE  Journal  of  Quantum  Electronics,  40,  815-820  (2004). 


125 


A  APPENDIX:  Briefings 


Tour  of  the  Advanced  Multifunction 
RF  Test-Bed 

Multi-function  Arrays  and  Integrated 
Topside 

Agile  Wide  Band  Arrays 

Architectures  and  Component  for 
Advanced  Multifunction  Arrays 

Multifunction  RF  System  Overview 

SATCOM  and  Line  of  Sight  Architecture 

MFEW  Program  Overview 

Heterogeneous  Chip 

Dielectric  Lenses 

Raytheon  RF  Multifunction  Technologies 

Affordability  and  Scalability/ 

Modularity  of  Active  Apertures 

Open  System  Architure  for  Surface  Radar 


Si  RF  CMOS  SoC  Technology  for 
Low-Cost  AMRFC 

Digital  Receiver  and  Exciter  (DREX) 

Overview  of  the  Advanced  Multifunction 
RE  Concept  Test-Bed 

Wideband  Wavelength-Scaled 
Antenna  Concept 

Mixed-Signal  Technologies  for  microwave 
phased  arrays 

Wideband  Agile  Arrays  Technologies 
Concepts  and  Recommendations 


Betsy  DeLong,  ONR  and 
Greg  Tavik,  NRL 

Bobby  Junker,  ONR 

Peter  Moosbrugger  and  Keith  Kelly 
Ball  Aerospace 

Leo  Pellon  and  Wil  Lew 
Lockheed- Martin 

Michael  Fitelson,  Northrop  Grumman 

John  Przybysz,  Northrop  Grumman 

Marvin  Hunter,  Northrop  Grumman 

Nicholas  G.  Paraskevopoulos,  Northrop 
Grumman 

Sebastian  Rondineau,  University  of 
Colorado 

Tom  Markarian,  Raytheon 
Mike  Sarcione,  Raytheon 

Robert  Kingan,  Raytheon 
Joe  Smolko,  Raytheon 
Dick  Healy,  Raytheon 

Shamsur  Mazumdar,  Raytheon 
Greg  Tavik,  NRL 

Mark  Kragalott,  NRL 

Mark  Rodwell,  UCSB 

Steve  Hedges,  BAE  Systems 


Wide  Bandgap  (GaN)  Technology  at  Raytheon 


A-I 


B  APPENDIX:  Acronyms 


AAW 

anti-air  warfare 

ADC,  DAC 

analog-to-digital,  digital-to-analog  converter 

(A)ESA 

(active)  electronically  steered  array 

AMRFC 

advanced  multi-function  RF  concept 

BER 

bit  error  ratio 

BEN 

beam  forming  network 

BJT 

bipolar  junction  transistor 

CDL,  TCDL 

common  data  link,  tactical  CDE 

COTS 

commercial  off-the-shelf 

DDS 

direct  digital  synthesis 

DFT 

Discrete  Fourier  Transform 

DSP 

Digital  signal  processor 

EIRP 

effective  isotropic  radiated  power 

EW,  ES.  EA 

electronic  warfare,  support,  attack 

FIR 

finite  impulse  response 

FSS 

frequency  selective  surface 

GaN,BST 

gallium  nitride,  barium  strontium  titanate 

HBT 

heterojunction  bipolar  transistor 

HFET 

heterojunction  FET 

HGHS 

high-gain  high-sensitivity 

HPOI 

high  probability  of  intercept 

IF 

intermediate  frequency 

ILS 

instrument  landing  system 

IMD,  IMP 

intermodulation  distortion,  IM  product 

ECS 

Eittoral  Combat  Ship 

ENA,  PA 

low  noise  amplifier,  power  amplifier 

La,  1,  Q 

local  oscillator,  in-phase,  quadrature 

EPF,BPF,HPF 

low,  band,  high-pass  filter 

MAC 

media  access  controller 

MEMS 

micro  electromechanical  systems 

MIMO 

multiple  input/  multiple  output 

MMIC 

monolithic  microwave  integrated  circuit 

MUX,  DEMUX 

multiplexer,  demultiplexer 

OACE 

open  architecture  computing  environment 

OFDM 

orthogonal  frequency  division  multiplexing 

PDF 

precision  direction  finding 

Pll 

phase-locked  loop 

RCS 

radar  cross  section 

ROSA 

radar  open  system  architecture 

SFDR 

spurious  free  dynamic  range 

SIP 

system  in  a  package 

SOC 

system  on  a  chip 

T/R  (TRM) 

transmit/receive  (module) 

Tx,  Rx 

transmitter,  receiver 

UWB 

Ultra  Wide  Band 

VSWR 

voltage  standing  wave  ratio 

WCDMA 

wideband  CDMA 

WiFi 

wireless  fidelity  (IEEE  802.11  network) 

XPDR 

transponder 
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C  APPENDIX:  New  Approaches  for  Wave¬ 
form  Generation 


C.l  Using  Chaotic  Waveforms  and  Nonlinear  Synchro¬ 
nization  for  High  Bandwidth  Radar  Systems 


There  is  a  long  history  of  exploring  waveforms  in  radar  systems  which 
are  "noise."  In  such  a  system  the  antenna  in  a  radar  transmitter  produces 
a  waveform  s( t)  which  is  selected  from  a  time  series  of  a  noise  signal.  Noise 
is  defined  to  be  a  signal  which  has  autocorrelation  unity  at  t  =  0  and  auto¬ 
correlation  zero  at  other  times.  An  example  of  this  is  given  in  Dawood  and 
Narayanan  [77],  and  the  idea  goes  back  at  least  to  Cooper  and  Gassner  [78]. 

The  receiver  can  extract  the  return  signal  from  this  transmitted  wave¬ 
form  by  correlating  the  original  waveform  ("noise")  with  the  return,  and 
using  standard  methods  make  a  decision  whether  the  received  signal  is,  in 
fact,  the  return  from  a  target. 

The  advantages  of  such  radar  waveforms  is  that  the  bandwidth  is  large 
so  that  time  resolution,  and  thus  range  resolution,  should  be  very  good,  and 
the  ambiguity  function  (Woodward  [79])  can,  in  principle,  be  very  sharp.  The 
latter  comes  from  the  fact  that  the  area  under  the  ambiguity  function  is  unity, 
and  the  sidelobes  are  of  order  with  T  the  transmit  time  and  B  the  band¬ 
width  in  the  transmission.  This  can  be  quite  small.  See  figure  from  the  pre¬ 
sentation  by  Harman  [81]  at  the  workshop  http://www.enm.bris.ac.uk/workshop/ 
chaotic-signals/. 

In  the  past  decade,  there  has  been  a  new  twist  on  this  idea  beginning 
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Figure  28:  Thumbtack  ambiguity  function,  as  achieved  by  a  noise  waveform. 

with  the  suggestion  of  Bauer  [80]  to  substitute  for  the  "noise"  waveform 
discussed  earlier,  a  wave  form  generated  by  a  chaotic  dynamical  system. 
Such  a  waveform  is  also  wideband,  giving  the  advantages  just  discussed,  but 
it  also  is  easily  generated  using  low  power  simple  devices.  The  chaotic  signal 
can  be  generated  in  analog  hardware  or  in  a  very  simple  fashion  on  a  DSP  or 
on  a  FPGA  as  simple  sets  of  ordinary  differential  equations  will  do  the  job. 

As  pointed  out  by  Harman  [81]  and  others,  another  advantage  of  chaotic 
waveforms  is  that  the  transmitter  need  not  be  complex  or  made  expensive 
by  the  need  to  have  elaborate  feedback  circuits  for  linearizing  the  signals. 

One  can  transmitter  more  than  one  waveform  if  orthogonal  samples  in 
the  transmit  interval  T  can  be  found.  To  establish  a  set  of  signals  orthogonal 
over  the  time  interval  T  of  a  transmission,  on  can  utlilize  function  orthogonal 
on  the  attractor  of  the  nonlinear  system  producing  the  chaotic  signal.  For 
this  purpose  consider  the  state  of  the  chaotic  system  generating  the  signal  to 
be  transmitted  ^  as  described  by  the  D-dimensional  vectors  y(l)  sampled  at 
frequency.  These  vectors  are  y(l)  =  y(to+  (I  -  1)7);/  =  1,2,...  ,N;NT  =  T 
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with  T  the  time  over  which  the  chaotic  system  is  sampled.  The  natural 
measure  on  the  attractor  is 


P(x)  =  N}_^S^{x-  y(l)). 


/=  1 


And  we  seek  functions  ()m.(x)  such  that 


JcP 


Xp(x^pTnip^^Pkip^')  —  ^mk 


1  A 

=  N22^rn{y{l)Pk{yil)) 

/=1 


These  can  be  constructed  in  a  "Gram-Schmidt"  fashion,  starting  with  (/?o(x)  = 
1  and  continuing  on  using  polynomials  or  other  functions  in  x  space.  Once  we 
know  the  iprni^):  we  can  generate  y(l)  from  the  chaotic  system  and  transmit 
one  of  the  ipoM  =  lover  the  allotted  time  interval  T. 


Figure  29:  Beam  steering  in  a  wide  bandwidth  array  requires  a  true  time 
delay. 

Another  issue  in  chaotic  radar  is  the  construction  of  arrays  where  the 
signal  transmitted  is  delayed  appropriately  from  one  element  to  another  so 
that  a  good  beam  is  formed.  This  is  illustrated  by  the  figure  above. 
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To  create  the  appropriate  time  delay  between  elements,  Corron,  Blakely, 
and  Pethe  [82]  have  suggested  using  the  phenomenon  of  lag  synchroniza¬ 
tion  discussed  by  Rosenblum,  Pikovsky,  and  Kurths,  1997.  This  is  a  phe¬ 
nomenon  where  slightly  mismatched  chaotic  oscillators  synchronize  with/f  t) 
the  signal  in  one  and  f  (t  -  At)  the  signal  in  the  other.  By  creating  a  chain 
of  such  lag  synchronizing  systems,  and  inducing  the  lag  by  the  adjustment 
of  a  capacitor  in  an  electrical  circuit  realizing  the  chaotic  oscillator,  they  are 
able  to  show  (ibid,  2005)  that  beams  can  be  formed  rather  easily  and  steered 
by  a  master  control  of  the  appropriate  capacitors  in  the  array  elements. 

These  ideas  represent  novel  directions  which  may  be  of  interest  to  the 
sponsor.  Some  of  the  work  is  done  at  the  Redstone  Arsenal  of  the  Army,  so 
it  should  be  readily  available  for  Navy  applications. 
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